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Preface 


This book was planned as a companion to Revision Chemistry for 
Sixth Forms, published in July 1964. It is intended (a) as a revision 
book and (b) as a general class book for students preparing for the 
General Certificate of Education examination at Ordinary Level, or an 
equivalent standard. The book presents an up-to-date picture of 
chemistry at this level. Ionic equations are used where applicable, 
instead of the more outmoded molecular ones, and the writing of 
chemical formulae is based on types of chemical bond. Topics included 
which do not normally find their way into books at this level are 
chromatography, chemical equilibrium and factors affecting chemical 
change, organic chemistry (very elementary), the electronic theory of 
valency and types of bond, molarities, etc. The concept of an acid anda 
base adopted is one of a proton donor or proton acceptor—is it not time 
that the ‘replaceable hydrogen’ definition disappeared? The standard 
definitions of equivalent weights of acids and bases are adjusted to 
cope with the definitions of an acid and a base proposed. A short 
selection of questions is given at the end of each chapter to help the 
student during his or her revision. A chapter is included on qualitative 
analysis—gas testing, tests for cations and anions, and so on. 

The best advice is to start revision early and to make sure that every 
argument is understood. In preparing this book, I have tried to con- 
centrate on understanding facts, as well as merely giving the relevant 
ones, This is a book of chemical principles rather than a book including 
all the possible facts. 

I shall appreciate any comments on the book which are sent to me, 
and hope that it will prove of some value to the students for whom it 
is intended. 

DAVID ABBOTT 
ETON COLLEGE 
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1 Elements, Mixtures and 
Compounds 


1.1 PHYSICAL AND CHEMICAL PROPERTIES 


The most obvious properties of a substance are those which affect the 
senses, i.e. smell, taste, touch, sight and hearing. These are said to be 
physical properties, although there is now reason to believe that smell 
involves chemical reaction. Physical properties which can be measured 
are often of more value, e.g. boiling point, freezing point, density (mass 
per unit volume), specific heat, and solubility in a given solvent. Thus a 
colourless, odourless liquid with a boiling point of 100°C, a freezing 
point of 0°C and a density of 1 g/cm? will certainly be water. When 
dealing with metals, electrical and thermal conductivity are important 
physical properties. 

Chemistry is concerned mainly with chemical properties, i.e. the be- 
haviour of different substances with air, water, acids, alkalis, or when 
heated alone. 


1.2 PHYSICAL AND CHEMICAL CHANGES 


From the results of a large number of experiments involving different 
substances, it is possible to deduce the characteristic features associated 
with physical and chemical changes. 


Table 1.1 
Physical changes Chemical changes 
1. A new substance is never formed A new substance is always 
formed 
2. Little or no heat change Often considerable heat change 
3. It is usually easy to reverse the It is usually very difficult to 
process, thereby regaining the reverse the process 
original material 
4. No alteration in weight Appears to be an alteration in 
weight, although the weight 
has really been redistributed 


Examples of physical changes include all cases of melting of solids or 
solidification of liquids, vaporization of liquids or liquefaction of gases, 
e.c.c.—l* 1 
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magnetization of iron, the process of solution, the passage of electricity 
along a wire. 

Examples of chemical changes include the rusting of iron, the burn- 
ing of a candle, the burning of coal in an open grate, the combination 
of iron filings and sulphur when heated together. 

Can you classify the following? 

(а) A stone rolls down a hill; (6) Sugar dissolves in water; (c) Petrol 
burns in an engine; (d) A piece of glass is broken; (e) Mercuric oxide is 
heated to give mercury and oxygen. 


1.3 THE STATES (PHASES) OF MATTER 


Matter (i.e. anything which can be weighed) consists of three states, 
solid, liquid and gas or vapour. A solid has a definite volume and a 
definite shape and it usually requires a considerable force to alter its 
volume or its shape. A liquid has a definite volume but takes up the 
shape of its container. A gas takes up both the volume and shape of 
its container. 

The term vapour is used for the gaseous form of a substance which 
is normally a liquid or a solid. Thus nitrogen is a gas since it is gaseous 


at room temperature while the gaseous form of nitric acid is called 
nitric acid vapour. 


Substances can change state as follows: 


و 


sublimation 


ج 
melting, fusing evaporation, boiling‏ 
See‏ ——— 
SOLID ——— LIQUID 4 — — — —* GAS OR VAPOUR‏ 
freezing, solidifying condensing, liquefying‏ 
(at the melting or (at the boiling point)‏ 


freezing point) 


Lead, water and oxygen are generally regarded as solid, liquid and 
gas respectively but they can exist in all three states depending on 
their temperature. Thus, 


2960 00 1620°С 
Lead <—> Liquid lead <> Lead vapour 
(Kel 100°C 


Ice <——_> Water «—— —- Steam 
А —218-4°С А —183°С 
Solid oxygen «————- Liquid oxygen 4y Oxygen gas 


Evaporation is the slow change of a substance from the liquid to the 
vapour state at temperatures below the boiling point. Heat is absorbed 
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when a liquid evaporates and the rate of evaporation increases with in- 
crease of temperature (wet clothes dry more rapidly on a hot day). 

Boiling can be regarded as a rapid evaporation. 

It should be pointed out that evaporation really refers to passage 
into free space. If a liquid evaporates into a confined space, the space 
eventually becomes saturated with the vapour; there is, in fact, an 
equilibrium existing between the vapour and the liquid and (as is dis- 
cussed below) a maximum pressure is exerted called the saturated 
vapour pressure. Wet clothes do not dry in a closed container—why ? 

If the vacuum in a mercury barometer is saturated with vapour of a 
liquid, the vapour exerts a pressure which can be measured by the fall 
in mercury level; this is called the saturated vapour pressure of the 
liquid. The vapour pressure of a liquid increases with temperature until 
it reaches atmospheric pressure; at this point the liquid boils, i.e. the 
boiling point of a liquid is the point at which the saturated vapour 
pressure equals the external pressure. А liquid with a high vapour 
pressure at room temperature is said to be very volatile. 


Saturated vapour pressure 


Water Alcohol 
vapour vapour 
Liquid 
alcohol 


Vapour pressure 
of ether 


Solids normally exert only small vapour pressures but, in a few 
cases, the solid can exert an appreciable vapour pressure so that the 
vapour pressure is equal to the externally applied pressure below the 
melting point. This means that the solid evaporates before it melts, i.e. 
it changes directly from solid to vapour and vice versa without passing 
through the liquid state. This is called sublimation. Examples include 
ammonium chloride, naphthalene, carbon dioxide and iodine. 

Apparatuses suitable for determining the melting and boiling point 
of a substance are shown in fig. 1.2. 

Not all substances exist in all three states of matter; the change in 
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temperature needed to bring about a change of state often decomposes 
a substance, e.g. liquid calcium carbonate is not known. 


Determination of melting point and boiling point 


Melting-point 
tube containing 
solid Thermometer 


Water out 


Liebig condenser 


Cold water 


Liquid | 
under "па 
Heat test Heat 
rv Receiver 
Fic. 1.2 


14 ELEMENTS, MIXTURES AND COMPOUNDS 


Boyle suggested that an element is a substance which cannot be split 
into something simpler by a chemical or physical change. This defini- 
tion is unsatisfactory for radioactive elements (see 2.5), 

There are now (1966) 104 elements known. The majority of them 
were discovered during the nineteenth century although some (e.g. 
silver, gold, tin, sulphur, carbon, iron, lead) have been known since 
prehistoric times. Elements can be either solids, liquids or gases under 
normal conditions. 


Table 1.2 
Solids Liquids Gases 
Copper Tin Bromine Oxygen 
Silver Aluminium Mercury Nitrogen 
Tron Sodium Hydrogen 
Zine Lead Chlorine 
Lead Carbon Argon 


Not all the naturally occurring elements are found in the free state, 
but they are generally found in the form of a compound (see later). The 
approximate percentages by weight of some of the more commonly 
occurring elements is shown in table 1.3. 
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Table 1.3 
Abundance of elements in the Earth’s crust (plus air and water) 
Silicon 27% 
(as sand, clay, silicate minerals in rocks) 
Oxygen 50% Aluminium 7% 
(in water, free in air, Iron 4% 
and as oxides) Calcium 3% 


Sodium 25% 
Potassium 2-5% 
Magnesium 2% 
Titanium 0:5% 
Hydrogen 0:2% 
Chlorine 0:2% 
Rest 2:1% 


About 77 per cent of the Earth’s crust is occupied by non-metals 
and 23 per cent by metals. Most metals occur as compounds called 
minerals which are present in naturally occurring ores, e.g. Galena con- 
tains lead sulphide, Haematite contains iron (ferric) oxide, Bauxite 
contains aluminium oxide, Cinnabar contains mercury (mercuric) 
sulphide. 

The early classification of elements as either metals or non-metals, 
though of historical importance, is not entirely satisfactory since some 
elements are difficult to place in either class, e.g. arsenic, antimony, 
selenium, germanium. It is, however, still useful to know the properties 
characteristic of typically metallic and typically non-metallic elements. 


Table 1.4 


Metals Non-metals 
1, PHYSICAL PROPERTIES 
(а) Lustrous and can be polished Non-lustrous, but graphite 
(carbon) and iodine have a 


metallic sheen 
(6) Malleable—can be beaten Brittle 


into sheets 

(c) Ductile—can be drawn into Not ductile 
wires 

(d) Good electrical and thermal Poor conductors of both heat 
conductors and electricity, although 


graphite is a moderate 
conductor of both 
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(e) Sonorous when struck 

(f) High tensile strength 

(g) High density, but there are 
exceptions such as sodium, 
potassium, calcium, 
aluminium, magnesium 


(A) High melting point, but there 
are exceptions, e.g. mercury, 


tin, potassium 


2. CHEMICAL PROPERTIES 


(a) At least one oxide is basic 
(see 7.9) 

(b) Usually react with dilute 
sulphuric or hydrochloric 
acid to give a salt (see 6.8) 
plus hydrogen 


Non-metals 


Not sonorous 

Cannot withstand stress 
Low density, but there are 
exceptions such as iodine 


Low melting points, but there 
are exceptions, e.g. carbon, 
silicon, boron 


Oxides are never basic, and 
usually acidic 

No reaction with these dilute 
acids 


Electrical conductivity of metals and 


non-metals 
х 


Battery | в | 


Electric 


[3 ) bulb 


Connect a piece of iron and sulphur separ- 
ately across XY. The bulb lights up for iron, 


but not for sulphur. 


(c) Chlorides are generally solids Chlorides are generally volatile 


and ionic compounds (see 
2.9) 


(4) Metals form solid sulphates 


which are ionic compounds 
(see 2.9) 

(e) Form positive ions which 
move to the cathode on 
electrolysis (see 3.1) 


liquids which can usually be 
decomposed by water 
Non-metals form no sulphates 


Form negative ions, especially 
when forming part of an acid 
radical (see 2.8), and move to 
the anode on electrolysis 


Chemical compounds result from the combination of elements in 
certain definite proportions. A compound can be defined as a substance 
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containing two or more elements chemically joined together in such a 
manner that the properties of the elements are completely altered. 
Examples include water (hydrogen combined with oxygen), common 
salt (sodium combined with chlorine), and clay (aluminium, silicon, 
oxygen and hydrogen combined together). 

In compounds, the elements are held together by chemical bonds 
(see 2.9). 

A mixture consists of any number of elements or compounds, or 
elements and compounds all jumbled up together, the elements and 
compounds not being bonded together in any way and each retaining 
its own individual properties. 

Examples include air (nitrogen about 80 per cent by volume, oxygen 
about 20 per cent, carbon dioxide about 0-03 per cent, Rare Gases, i.e. 
argon, neon, helium, krypton, xenon and radon, about 1 per cent, | 
together with variable amounts of water vapour, bacteria, dust, etc.), 
brine (sodium chloride and water), brass (an alloy of copper and zinc), 
and bronze (an alloy of copper and tin). 

The characteristic differences between mixtures and compounds are 
given in table 1.5A. 


Table 1.5A 
MIXTURES COMPOUNDS 
1. The constituents can be The constituents can only be 


separated easily by methods separated by chemical means 
not involving a chemical 


change 

2. The constituents сап be present Formed from elements by 
in any proportion chemical combination in definite 

proportions only 

3. Their properties are Their properties need bear no 
intermediate between those of resemblance to those of the 
the constituents, and in constituent elements and are 
proportion to the amount of characteristic of the compound 
each present 

4. Their formation involves a There is often considerable heat 
physical change and little or change during formation. 
no heat change is produced Exothermic compounds are those 


formed from their elements with 
the evolution of heat. 
Endothermic compounds are 
those formed with the 
absorption of heat 
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Table 1.5B shows the properties of a mixture of iron filings and 
sulphur compared with those of ferrous sulphide, formed when the 
elements are heated together in the correct proportions by weight. 


Table 1.5B 

Mixture of iron and sulphur Compound, ferrous sulphide 

Мо heat change on formation Heat change when formed 

Composition variable from Fixed composition; 1 atom of 

almost 1007; iron to almost iron to 1 atom of sulphur, or 7 

100% sulphur grams of iron to 4 grams of 
sulphur 

Variable colour Black 


Variable physical properties, e.g. Fixed physical properties 
density 


Iron portion reacts with dil. Reacts with dil. hydrochloric acid 
hydrochloric acid to produce to form hydrogen sulphide 
hydrogen; sulphur portion 

unchanged 

Sulphur portion soluble in carbon Insoluble in carbon disulphide or 
disulphide, or xylol xylol 

Partially magnetic Non-magnetic 


Separate component parts visible No Separate component parts 
under microscope, i.e. not visible under microscope, i.e. 
homogeneous homogeneous 


Question 


Classify the following as elements, mixtures or compounds: diamond, 


coal, petroleum, common salt, sand. Give reasons to support your 
answer. 


1.5 TYPES OF CHEMICAL REACTION 
(a) Direct combination 


Two or more elements and/or com 


pounds combine to give one com- 
pound, for example: 


heat 
iron + sulphur ane ferrous sulphide 
sulphur dioxide + oxygen > sulphur trioxide 
hydrogen + chlorine + hydrogen chloride 
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(b) Thermal decomposition 
A compound decomposes on heating alone, for example: 


potassium chlorate — potassium chloride + oxygen 
lead nitrate > lead monoxide + nitrogen dioxide + oxygen 


(c) Thermal dissociation 


A compound decomposes on heating and the products recombine on 
cooling to give the original compound again, i.e. it is reversible thermal 
decomposition, for example: 


ammonium chloride = ammonia + hydrogen chloride 
phosphorus pentachloride = phosphorus trichloride + chlorine 
calcium carbonate = calcium oxide + carbon dioxide 


(4) Double decomposition 
These have the general type 
AX + BY +> AY + BX 


where A and B are metallic radicals (see 2.8) and X and Y are acidic 
radicals (see 2.8). The best known examples are when AY or BX is a 
gas or a sparingly soluble substance. In the latter case, the reaction is 
called a precipitation reaction, the insoluble substance being a precipi- 
tate. Precipitation reactions can be written in terms of ions (see 2.9), 
for example: 


Gas formed sodium + sulphuric > sodium + hydrogent 


chloride acid bisulphate ^ chloride 
(conc.) 
Precipitate silver + sodium — sodium + silver | 
formed nitrate chloride nitrate chloride 


(e) Replacement (displacement) reactions 

Here one element or radical is replaced by another element or radical. 
A+ BX +> AX +B 

For example: 


zinc + cupric sulphate — zinc sulphate + copper 
zinc + sulphuric acid — zinc sulphate + hydrogent 
chlorine + potassium iodide potassium chloride + iodine 
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(f) Reversible reactions (see 16.1) 


(g) Exothermic reactions (in which heat is evolved, 
thereby reducing the energy of the system) and 
Endothermic reactions (in which heat is absorbed, 
thereby increasing the energy of the system). 


For example: 


nitrogen + hydrogen = ammonia (heat evolved) 
nitrogen + oxygen = nitric oxide (heat absorbed) 


You can study the heat energy changes involved in some simple 
chemical reactions by carrying out the following reactions in polythene 
bottles and measuring the rise in temperature (use 2M (M = molar, 
see 17.3) solutions): sodium hydroxide/hydrochloric acid, sodium 


hydroxide/acetic acid, iron/cupric sulphate, silver nitrate/hydrochloric 
acid. 


The significance of these heats of reaction lies in the making and 
breaking of chemical bonds (see ch. 2); 


1.6 SEPARATION OF MIXTURES 
(a) Solid suspended in a liquid 
Filtration Purification of water 


Suspension 


Concrete 
container 


Folded filter paper 
Filter funnel 
Residue 


Perforated 
grating 


Filtrate 


Purer water 
Ес. 1.3 (to chlorination plant) 


Fic. 1.4 


Example: The separation of sand and salt; the salt is dissolved in 
water leaving the sand undissolved, the sand filtered off, and the salt 
solution evaporated to give solid salt. 

Of commercial importance is the purification of water for drinking 
purposes in a filter bed. 
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(b) Separation of a solution into the solute and 
solvent (see 14.1) 

1. By evaporation to dryness. 'This method never gives crystals of the 
solid (since the solid is formed too rapidly) and the solvent is lost as 
vapour. 

2. By crystallization. The solution is warmed in an evaporating basin 
until saturated (see 14.1). This can be ascertained by placing a cold glass 


Evaporation 


Evaporating basin 


Water bath to prevent 
“spitting” 


Fic. 1.5 


rod in the solution from time to time, removing it, and noticing whether 
or not crystallization takes place as the solution cools. The solution is 
then placed on one side to allow crystals to form. 

3. By distillation (see fig. 1.2). Here the solvent can be recovered froma 
solution, the solute remaining (non-crystalline) in the distilling flask. 


(c) Separation of two or more miscible liquids 
with different boiling points 


The process used is fractional distillation. The principle is that the 
mixture is heated until the liquid of lowest boiling point has been 
converted to the vapour state, this being condensed back to the liquid 
by a condenser. On raising the temperature further, the liquid with 
next lowest boiling point is converted to the vapour state and this is 
condensed back to the liquid in another receiver, and so on, the process 
being continuous. The efficiency of the separation is aided with a 
Sractionating column, which consists of a glass column containing a 
series of glass rods or beads to act as ‘arrest points’. Suppose that two 
liquids of different boiling point, such as acetone (b.p. 58°C) and water 
(b.p. 100°C) are to be separated. When the liquid is heated, the vapour 
containing mainly acetone passes ир the column. The arrest-points 
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7 Thermometer 


Water out 


Condenser 


Fractionating 


column 
Receiver 
Distillation flask 
Mixture 
Heat 
(b) — Gaseous nitrogen 
Boiling 


Increasingly 
lower 
temperature 


liquid in 


| 


Liquid oxygen 
Fic. 1.6 


allow liquid to condense on them and the less volatile liquid (water) 
falls back into the flask. The liquid on a given arrest-point is raised to 
the boiling point by heat evolved when more liquid condenses there. As 
the mixture of vapours passes up the column, it gets richer and richer 
in the more volatile constituent (acetone) and the liquid in the flask 
gets richer and richer in the less volatile constituent (water). The method 
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can be applied to mixtures of more than two liquids, e.g. the separation 
of liquid air into (mainly) nitrogen (b.p. — 196°C), argon (b.p. —186°C) 
and oxygen (b.p. — 183°C), coal tar into a variety of products (benzene, 
toluene, xylenes, phenols, etc.), and crude oil into a variety of product 
(petrols, paraffin oils, lubricating oils, etc.). 


(d) Separation of immiscible liquids: a separating 
funnel is used. 

Separating funnel 
Stopper (removed 


when separation is 
commenced) 


Lighter liquid 


Denser liquid 


| Liquids run out separately 
Fig. 1.7 


Examples are benzene and water, mercury and water. я 


(е) Separation of two or more solids which are 

soluble in a given solvent 

The process of fractional crystallization is used which relies on the 
difference in solubilities of the solids in the given solyent at various 


temperatures. As an example, consider a mixture of 20 grams of potas- 
sium nitrate with 18 grams of potassium chlorate. The solubilities con- 


cerned 
LN Nitrate Chlorate 
Solubility at 50°С 86 grams 18 grams 
Solubility at 20°С 31 grams 8 grams 


ams of water at 50°C the solution 
chlorate but not saturated with 


13 


If the mixture is dissolved in 100 gr: 
Will be just saturated with potassium 


Concise Certificate Chemistry 


potassium nitrate. On cooling to 20°C, 10 (18 — 8) grams of potassium 
chlorate will separate out as crystals but no potassium nitrate will come 
out of solution for, even at 20°C, the solution is still not saturated with 
potassium nitrate. Thus potassium chlorate is obtained from the mix- 
ture. 

This method of purification is widely used, in a rather more com- 
plicated way, but only if it is not Possible to find a solvent which will 
dissolve one component of a mixture and not the others. 

A diagrammatic representation of fractional crystallization of a 
mixture of A and B is as follows. A is slightly less soluble than B and 
the relative amounts of A and B are shown by shaded and non-shaded 
areas. 


50% A 50% B 
Crystals Liquor 


66:7% A 6679, В 


Crystals Liquor’ Crystals — Liquor 


7595 А 7595 B 


Crystals Liquor Crystals Liquor Crystals Liquor 


8339, A 833% B 


Fic. 1.8 


The mixture is dissolved in hot solvent, A being slightly less soluble 
than B. Amounts are taken such that, when cooled, about half the 
dissolved solid crystallizes out. The crystals will be enriched in A (less 
soluble), whilst the ‘mother liquor’ will be enriched in B (more soluble), 
The enriched crystals are redissolved and the solution recrystallized, 
yielding a crop of crystals still richer in A, and a ‘mother liquor’ still 
richer in B. The original ‘mother liquor’ gives, on evaporation and re- 
crystallization, yet another solid (rich in A) and liquid (rich in B). 

By repeated treatment, as summarised in the diagram, it is possible 
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to obtain more or less pure A and B, but the crystallization may have 
to be repeated many times. 


(f) Chromatography 


Plants and animals are sources of many chemicals. Grass is green and 
flowers are coloured because there is a green material or another 
coloured material in them. This coloured substance cannot be extracted 
with water, but a non-aqueous solvent (see 14.1), e.g. acetone or alcohol 
will do it. The question now arises, ‘How do we know whether these 
coloured substances are just one thing or a mixture?’ If you have ever 
spilt ink blots on blotting paper, you will have noticed that the pigment 
partially separates into two or more colours. This gives us a clue as to 
the method: for investigating coloured substances in grass and flower 
extracts. 

Chromatography is a technique for the separation and identification 
of substances present in complex mixtures. For example, when a pro- 
tein is heated with an acid, the protein is degraded to a complicated 
mixture of substances which cannot be separated satisfactorily by any 
of the methods previously described. In the most common forms of 
chromatography, the mixture to be separated is dissolved in a suitable 
solvent and fractionated by the paper or column method. | 

In paper chromatography, which is used for relatively small quanti- 
ties of material, a spot of the solution containing the mixture is applied 
to the base line drawn in pencil on a strip of filter paper. Separation 15 
effected by placing the paper (after the spot has dried) in a suitable sol- 
vent which flows over the spot and carries the components different 
distances along the paper. The distance moved by a given substance in 
the mixture is independent of the other substances present and is 
characteristic of the substance. It is normally quoted as an Ке value, 
this being the distance travelled by the substance divided by the dis- 
tance travelled by the solvent front. In some cases, the solvent front has 
to run off the end of the paper in order to effect a separation, and the 
migration has then to be quoted as an Rx value which is the distance 
travelled by the substance divided by the distance travelled by a stand- 
ard sul à fing" si 

The aoe —_—— means literally ‘colour writing, since 
the original substances to be separated by the technique were all 
naturally coloured. The technique can now be applied to colourless 


5 to be located on the paper after separation. 
pisc baer doe e is dried and sprayed 


In the most common method of location, the paper 1 З 
with a suitable reagent which converts the colourless compounds into 
Coloured ones. The finished paper is called a paper chromatogram. 

| 15 
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If the solution containing the mixture is applied as a streak to the 
base line of the filter paper, and the chromatogram developed in the 
chosen solvent, strips can be cut from the edges of the dried paper, 
sprayed to locate the positions of the bands containing the various com- 
ponents, and then fitted back into their correct positions on the paper. 
In this way the areas of the paper containing the separated components 
can be mapped out, cut out separately, and the components extracted 
from the strips of paper with a suitable solvent. 

There are two methods by which paper chromatography can be 
carried out, these being the descending and ascending methods (see 
fig. 1.9). 


Chromatography 
Wire 
1-2 — сір 

Trough of 

solvent Solvent 
(eluant) 
Glass tube 

Solvent 


Adsorbent 
Solvent to saturate 


atmosphere in tank (and so prevent 
evaporation of solvent from strip) 


Glass-wool filter 


Glass tube Clip on rubber 
tubing 
Standard Solvent 
compound front 
Solution from 
column (eluate) 
А y Re of X = х/у 


Ег. 1.9 


In column chromatography, the solution containing the mixture is 
poured on to a column of a suitable substance, called an adsorbent, e.g. 
cellulose powder, alumina, silica, charcoal. The adsorbent is packed 
into a glass tube as a slurry in the solvent which is to be used for 
separation. The chromatogram is developed by Pouring the separating. 
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solvent down the column. If the adsorbent is white, and the substances 
in the mixture are naturally coloured, a series of coloured bands will 
form at different distances from the top of the column. If the adsorbent 
is dark (e.g. charcoal) or the substances are not naturally coloured, a 
different method of location has to be used (you will find this discussed 
in a more advanced textbook). 

Some of the above topics are illustrated in fig. 1.9A. 

Chromatography, like fractional crystallization, is a fractionation 
Process. 


Zt. 


Tending to purity Tending ка purity 


Fic. 1.10 


Chromatography is a new technique and has made a phenomenal 
advance daring hs few years it has been applied. Probably no other 
new technique has made such a spectacular advance. 


Separations for you to try 
1. extract of spinach or grass leaves on a column of 
s nba est using cyclohexane as developing solvent. 


magnesia (magnesium oxide) 
Notice cnet of green (chlorophylls), yellow (xanthophylls) and 


orange (carotenes) bands. 
2. Separate screened теу! 
(aluminium oxide) using «По шс 
1 е bands. у 
Separation of yellow and blu сауна ре аа 


3. Carry simple separations 1 5 
methyl canes K commercial blue-black ink as shown in E 
4. Separate a mixture of lead nitrate and silver nitrate (dissolved in 
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water) by ascending paper chromatography in a boiling tube (fig. 
1.11(b)). Develop in distilled water, remove the paper and dry it, and 
locate the compounds by dipping the paper in potassium chromate 
solution (lead chromate is yellow, silver chromate orange). 


@) 


Filter paper 

Spot of mixture (b) Cork with slit 
into which the 

Paper"'tongue"cut paper is fitted 

as shown and which 


is to dip into the 


Paper 
solvent (Water) 


Boiling tube 


Tongue „Glass cover 
WA Spot of mixture 


Paper 


Solvent 
(distilled water) 


Fic. 1.11 


Distilled water 


Spot of mixture 
in solution 


Solvent 


Fig. 1.12 


GAS CHROMATOGRAPHY 


It is possible to separate mixtures of gases or vapours by chromato- 
graphy. A small sample of the mixture is injected into a stream of an 
inert ‘carrier gas’ (e.g. nitrogen, argon, hydrogen) which carries it into 
a column packed with a medium suitable for retarding (to different 
extents) the flow of individual components as they flow through it. 
18 
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The separated components emerge from the column at different inter- 
vals of time from the start of the separation (this time being character- 
istic of a given component) and pass through some form of detector. 
This consists of a device which can move a self-recording pen along a 
moving roll of paper, producing the chromatogram. 

Typical examples of the use of gas chromatography are the analysis 
of petrols and petroleum gases, the analysis of food oils and flavourings, 
and for following the course of reactions in organic chemistry (see 10.3). 


Chromatography is therefore an analytical procedure for the separa- 
tion of solutes in which separation is effected by a difference in rate of 
movement through some porous medium, movement being caused by a 
flow of solvent. 


Electromagnetic separation 


Crushed ore 
А from funnel 
Magnetic roller 


I 
1 
l 
1 
| \ 
AUN. mw 


Magnetic impurities 
Ore feed 
from magnetic 
impurities 
Ore flotation Zone refining 
Motion 
Molten 
= топе 
Rod of 
Maric metal 


Furnace | | Motion 


Fic. 1.13 


(g) Magnetic separation 


This is used to separate magnetic and non-magnetic materials, e.g. in 
the removal of magnetic impurities from tinstone. The crushed ore is 
allowed to move along a travelling belt which passes over a magnetic 
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roller. The magnetic impurities are pulled over towards the roller and 
form a separate pile. 


(h) Froth flotation 


This involves separation of ores from earthy impurities, This is impor- 
tant for concentrating sulphide ores. The finely pulverized ore is mixed 
with water and some chemical frothing agent added. When air is blown 
into the mixture, a froth is formed and the earthy material is ‘wetted’ 
and sinks. The sulphide particles rise to the surface with the froth where 


they can be skimmed off into a container, Acid is added to break up the 
froth and the ore filtered and dried. 


(i) Zone refining of metals 


This is used on a small scale to 
impure molten metal gives pure 
is melted over a very narrow regi 
region is transferred from one 
moving the furnace. Impurities 
to one end of the rod. 


give metals in a high state of purity. An 
crystals on solidifying. The rod of metal 
ion at one end, in a furnace. The molten 
end of the rod to the other by slowly 
collect in the molten zone and are swept 


Questions 


1. A man grows three flowers, one red, one blue and one violet. He 
wishes to show that the violet one has a colour composed of a mix- 
ture of the red and blue colours, as opposed to a single violet colour. 
Devise an experiment by which he might do this. 


2. Give a brief account of (a) chromatography, (b) fractional distilla- 
tion, (c) fractional crystallization. 


20 


“кезу. <=. 74 


2 Atomic Structure, Formulae 
and Bonds 


2.1 THE ATOMIC THEORY (DALTON, 1807) 


(a) All elements are composed of small particles called atoms which 
are indivisible and indestructible. 

(b) All atoms of the same element are identical, e.g. in weight, but 
are different from atoms of other elements. 

(c) Chemical compounds are formed by the union of small whole 
numbers of atoms to give compound-atoms, all compound atoms of a 
particular compound being identical. 


Modifications 

(a) Atoms are divisible and, in certain circumstances, destructible, 
although neither process occurs in a normal chemical change. 

(b) All atoms of the same element do not necessarily have equal 
weights. Atoms of the same element with different atomic weights are 
called isotopes. 

(c) Compound-atoms are called molecules. 


The atomic theory could account for the laws of chemical combina- 


tion: 


Landolt tube 


Rubber stopper 


Cotton thread 


Silver nitrate 
solution 


Sodium chlori 
solution. 


Fic. 2.1 


(a) The law of conservation of mass 
(Lavoisier, 1774) 


Matter is neither created nor destroyed during a chemical reaction. 

When chemicals react there is a rearrangement of the atoms but, since 

atoms can neither be created nor destroyed, the total mass remains un- 
v anti BG 
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altered. The law is tested by carrying out a reaction (such as that be- 
tween silver nitrate and hydrochloric acid solutions to give silver 
chloride and nitric acid, or between mercuric chloride and potassium 
iodide solutions to give mercuric iodide and potassium chloride) and 
weighing the reaction vessel before and after reaction. 


evum ضضض‎ е) DERE | 
Ag+ + NO; + H+ + CI” > AgCl} + Н+ + NO; 


(b) The law of definite proportions (constant 
composition) (Proust, 1799) 


All pure samples of the same chemical compound contain the same 
elements in the same proportions by weight. 
Ina simple binary compound XY, the percentage by weight of X is 
given by 
Wt of 1 atom of X 


Wt of 1 atom of X + Wt of 1 atom of Y ~ A 


The percentage by weight of Y is given by a similar expression. As 
all X atoms have the same weight and all Y atoms have the same weight 
(for ordinary work, isotopes exert no material influence), it follows that 
the percentage of X or Y ina pure sample of XY is a constant. 

The law is tested by preparing several samples (by different methods) 
of one chemical compound (e.g. cupric oxide) and analysing it to 
determine the percentage composition. 

It is now recognized that the composition of some compounds is 
variable. Such compounds are known as Berthollide compounds and 
are said to be non-stoichiometric, Stoichiometry being an old-fashioned 
word for that part of chemistry which deals with gravimetric or volu- 
metric composition of substances. Ferrous oxide and ferrous sulphide 
are both non-stoichiometric compounds. 


(c) The law of multiple proportions (Dalton, 1803) 


If two elements combine together to form more than one chemical 
compound, the various weights of one element which combine with a 
fixed weight of the other are in numerically simple proportions. 

For example, in cuprous oxide one atom of oxygen combines with 
two of copper while in cupric oxide one atom of oxygen combines with 
one of copper. 

The law is tested by carrying out an analysis of the several com- 
pounds formed by two elements, in order to determine the ratio (by 
weight) of the elements combined in each compound. 
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The argument can be applied quite generally; examples are: 
мо NO NO; Н.О H0» 


Nitrous Nitric Nitrogen Water Hydrogen 


oxide oxide dioxide peroxide 

Cu,0 CuO co CO; 
Cuprous Cupric Carbon Carbon 
oxide (red) ^ oxide (black) monoxide dioxide 


(d) The law of reciprocal proportions (law of 
equivalents) (Richter, 1792) 


This is merely an extension of (c). If an element А combines with an 
element B and also with an element C, and B and C themselves com- 
bine together, the proportions in which they do so will be simply re- 
lated to the weights of B and C combining with a fixed weight of A. 

Analysis of methane and water shows that 1 part by weight of 
hydrogen combines with 3 parts by weight of carbon and 8 parts of 
oxygen. Therefore it is to be expected that if carbon and oxygen unite, 
they will do so in the ratio (by weight) of 3 parts of carbon to 8 parts 
of oxygen, as in fact analysis of carbonic acid gas shows to be the case. 

Application of the simple atomic theory to this law is rather com- 
plicated. The simplest example concerns three atoms A, B, C which 
combine to form compounds AB, AC, BC. If the weights of the atoms 
A, B and C are taken as x, y and z units the state of affairs in the com- 
pounds AB, AC and BC is 


1 atom of | 1 atom of | | 1 atom of | 1 atom of | | 1 atom of | 1 atom of 


A B A с B С 
x units y units x units z units y units z units 
Compound AB Compound AC Compound BC 


The weights of B and C combining with x units of A are y and 2 
respectively, and the weights of B and C combining together are in the 
proportion y:z. This is in accordance with the law of equivalents. 

The atomic theory was not able to account for the law of combining 
volumes of gases (Gay Lussac, 1808). When gases combine they do so 
in volumes which bear a simple relationship to one another and to the 
volumes of any gaseous products provided all volumes are measured 
under the same conditions of temperature and pressure. For example: 


Hydrogen + Chlorine + Hydrogen chloride 
1 yol 1 vol 2 vols 
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On the atomic theory, Dalton supposed that equal volumes of all 
gases under the same conditions of temperature and pressure contained 
equal numbers of atoms, Le. 


x atoms of + x atoms of — 2x compound-atoms of 


hydrogen chlorine hydrogen chloride 
1 atom of + 1 atom of > 2 compound-atoms of 
hydrogen chlorine hydrogen chloride 


If this were true, each atom of hydrogen and chlorine must split into 
two parts, which is impossible. This logical contradiction was overcome 
by Avogadro (1811) who suggested that equal volumes of all gases under 
the same conditions of temperature and pressure contain equal numbers 
of molecules. He supposed that the molecules of hydrogen and chlorine 
each contain two atoms and that, when combination of the gases takes 
place, the molecules split with subsequent combination of the atoms. 
This overcomes the difficulty of reconciling Gay Lussac’s law with the 
atomic theory. 

An atom of an element can be defined as the smallest uncharged 
particle of an element which can take part in a chemical reaction. 

A molecule of an element or compound is the smallest particle of the 
element or compound which can exist by itself under ordinary condi- 
tions or in a free state. 

An element can then be defined as a substance in which atoms of 
only one kind are present (add this definition to that given in 1.4). 

A compound is defined as a substance in which at least two atoms 
of ior kinds are combined together (add this to the definition 
in 1.4). 

The upper limit for the length of an oil molecule can be obtained as 
follows; this will give you some idea of molecular size. E 

А 1cm? pipette is filled with camphorated oil and the number of drops 
contained in 1 cm? is counted by allowing the liquid to drain. One drop 
of oil is then placed on the surface of water, lightly dusted with talc, in 
a pneumatic trough. An oil film is immediately formed which pushes 
back the talc particles and the diameter of the film is measured. From 
the results the thickness of the oil film is determined. The film consists 
of many oil molecules one above the other. Typical values are as follows: 


50 drops of oil contained in 1 cm? 

Diameter of oil film — 18 cm 

Volume of drop — 1/50 cm? 

Area of film — z x 9 x 9 cm? 

Thickness of film = 1/(50 x 81 x л) = 0:0001 = 10-^ cm 
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A more accurate way of determining the volume of an oil drop is to 
view it on closed-circuit television, measuring the diameter with an 
adjacent scale. 


2.2 INSIDE THE ATOM 


Experiments conducted during the nineteenth century on the con- 
ductivity of electricity through gases and the bombardment of atoms 
with high-speed particles have revealed that the atom is composed of a 
small, hard, dense core called the nucleus, in which are particles called 
protons and neutrons, with electrons in shells (now called energy 
levels) outside the nucleus. Some properties of these fundamental par- 
ticles are given in table 2.1. 


Table 2.1 
Mass, relative to that of an 
Particle Electrical charge atom of hydrogen 
Electron Unit negative 1/1845 
Proton Unit positive 1 
Neutron Nil 1 


The first models of the atom, such as those of Rutherford and Bohr, 
pictured it as a miniature solar system with electrons rotating around 
the nucleus. It is now thought that electrons can behave as waves, much 
like light or sound waves, and that their negative charge is smeared 
around the nucleus rather than being present in one definite position. 
Nevertheless, it is usually convenient to adopt the older picture of the 
atom, especially in studies at the present level, but you will have to ac- 
cept the modern model of the atom when you have studied chemistry 
and physics in more detail. The atom of hydrogen is the simplest of all, 
containing a single electron, a single proton, and no neutrons. 

The models of this atom are shown in fig. 2.2. 


Nucleus 
Се" proton) 
Electron moving 


round nucleus 


Smear of 
electrical charge 


Fic. 2.2 


You will almost certainly be familiar with the idea of positive and 
negative electricity from your studies in electrostatics. 
Atoms of different elements have different numbers of electrons and, 
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since the atom is neutral, they have numbers of protons equal to the 
numbers of electrons. The number of protons in the nucleus of the 
neutral atom is called the atomic number of the element. 

It is the number of protons possessed by an atom, and consequently 
the number of electrons, which is the fundamental determinant of 
chemical properties of the element. 

An idea of atomic size can be obtained from oil-drop experiments, 
and it is found that atoms must be smaller than 1/10,000,000 cm, i.e. 
10 A (1 angstrom unit = 1 A = 1/100,000,000 cm). 


2.3 THE WEIGHT OF THE ATOM 


A single atom is, of course, a very small thing and it has very little 
weight, but it has been possible in modern times to calculate the actual 
weight of a single atom of any element. A single hydrogen atom, for 
example, weighs 


0:000,000,000,000,000,000,000,0017 g. 


The weight of an atom is really the sum of the weights of all the 
particles present in it but, since these are so small, the weight is always 
quoted relative to a fixed standard. 

The atomic weight of an element is the weight of 1 atom of the 
element compared with the weight of 1 atom of a standard element. 

The earliest standard was hydrogen (H — 1). This was followed by 
oxygen (O — 16). The most modern scale proposed is carbon (C — 12). 


Е , Wt of 1at 
Atomic weight of element — 4 om of element 
7z X wt of 1 atom of carbon 


The student who has read section 2.4 will realize that the atomic weight 
of an element is really the average weight of its isotopic weights, taking 
into account their relative abundances. We ought to say, therefore, 


Mass number of isotope Wt of 1 isotope of element 
of element iz X wt of 1 isotope of carbon-12 


24 ISOTOPES 


The definition of an isotope has been given in 2.1. Since the weight of 
the electron is negligible, and the weights of the proton and neutron are 
each 1 unit, it might be expected that all atomic weights would be whole 
numbers. It is therefore surprising to find that the atomic weight of 
chlorine is 35:5, that of copper is 63:5, and so on. АП atoms of the same 


26 


Atomic Structure, Formulae and Bonds 


element must contain the same number of electrons (and protons), but 
they can differ in their number of neutrons. For example, ordinary 
chlorine contains isotopes having the following compositions: 


Chlorine-35: 17 electrons, 17 protons, 18 neutrons 
Chlorine-37: 17 electrons, 17 protons, 20 neutrons 


Ordinary chlorine is a mixture of these two isotopes in such a propor- 
tion that the atomic weight is 35-5. 

There are three isotopes of hydrogen, ordinary hydrogen (1 electron, 
1 proton, 0 neutrons, atomic weight 1), deuterium (1 electron, 1 proton, 
1 neutron, atomic weight 2), tritium (1 electron, 1 proton, 2 neutrons, 
atomic weight 3). The atomic weight of an isotope is often called its 
mass number. 

The way in which isotopes can be written is discussed in 2.7. 


2.5 RADIOACTIVITY 


The nuclei of elements with atomic weights greater than that of lead 
(207) are naturally unstable, breaking down at different rates to form 
other elements and emitting radioactive radiations. Elements like this 
are said to be radioactive and to decay with the formation of other 
elements. Compounds which contain radioactive elements are also 
said to be radioactive. Radioactive radiation consists of: 


(a) alpha (a) particles, which bear a double positive electrical charge 
and have a mass number of 4 units; they are helium nuclei. They are 
the least penetrating of the radiations. 

(b) beta (8) particles, which bear a unit negative electrical charge, 
have negligible mass, and are high-speed electrons. They are more 
penetrating than a-particles. 

(c) gamma (у) rays, which have no electrical charge, have no mass, 
and are like X-rays (very penetrating radiation which is produced 
when electrons are stopped suddenly by a hard target). 


a B y 
Relative ionizing power: 10,000 100 1 
Relative penetrating power: 1 100 10,000 


Radioactive radiations can be ‘tracked’ by means of a cloud-chamber 
(Wilson, 1912). The space inside the chamber initially contains dust- 
free air saturated with water vapour. Sudden expansion of this air, 
brought about by a rapid movement of a piston, causes cooling so that 
the air becomes supersaturated (14.1). When the radioactive radiations 
are passed into the chamber, they cause ions (see 2.9) to be formed by 
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ejection of electrons from atoms in the air inside the chamber. Water 
droplets are allowed to condense on the ions, and these scatter a beam 
of light, making the track visible (this can be photographed). 


ај 
-—— Light 


Piston 
Fic. 2.3 


Radioactive radiations can be counted with a Geiger-Müller coun- 
ter. This consists essentially of a hollow cylinder with a thin metal Wire 
passing along its axis and insulated from the cylinder. The cylinder is 
filled with a mixture of gases at low pressure, the nature of the gases 
depending on the use of the counter. The cylinder (or cathode) can be 
earthed while the central wire (anode) can be raised to a potential of 
about 1000 volts. Passage of a radioactive radiation through the 
cylinder enables a pulse of electric current to flow between the wire 
and cylinder. Such a pulse can be amplified so that it can be recorded 
on an automatic counter, which records the number of pulses. 


Cylinder (cathode) 


Central wire 
(anode) 


Insulator 


Gas mixture 


The radioactive radiations can be differentiated by Curie's method 
fig. 2.5). 
у poem substances disintegrate at different rates. A given mass 
(M) of radium, for example, will be reduced to M/2 in 1590 years; 
this mass will be reduced to M/4 in another 1590 years, and so on. 
The time taken for a given mass of a radioactive substance to be 
reduced to half the amount is called the half-life value. 

You can examine radioactive decay by a photographic emulsion 
method. If à photographic plate is exposed to radiation from a thorium 
salt, and the ‘stars’ produced are examined under a microscope, the 
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lengths of the tracks can be used to identify the element emitting the 
a-particles. 

Radioactivity can be induced artificially and it is possible, by 
bombarding certain elements with high-speed particles, to produce 
radioactive isotopes of other elements. For example, if aluminium is 
bombarded with a-particles, a radioactive isotope of phosphorus is 
formed. This type of process is called transmutation, and forms the 
basis for the preparation of elements of atomic weight greater than that 
of uranium (the transuranium elements). 


7 
А Electric field plates 


Radioactive source in 
lead shield 


Fic. 2.5 


In an atomic or hydrogen bomb explosion, a large number of radio- 
active isotopes are released, escape into the atmosphere, and are 
carried away by winds. When the fireball of the explosion touches the 
ground, radioactive isotopes stick to the fine dust particles, forming 
'fall-out'; this is sucked up into the cloud and carried up into the 
atmosphere. Over a period of time the fall-out settles on the Earth. 
After a hydrogen bomb explosion, some fall-out is blown into the 
Stratosphere (where there is no weather) and the radioactive particles 
are often maintained there for several years by air currents before 
settling on Earth. 

One dangerous radioactive isotope in fall-out is strontium-90, with 
a half-life of 28 years; it is present in the products of nuclear fission 
(breakdown) of uranium. It can accumulate in bones if it gets into the 
body and can then induce cancer in the tissues. Since strontium is 
chemically similar to calcium, strontium-90 can become exchanged for 
calcium in calcium compounds in the soil. 

In an atomic bomb, there is a chain reaction. When uranium under- 
goes fission, neutrons are released which then penetrate the nuclei of 
other uranium atoms so that the whole mass explodes in a very short 
time. 

In an atomic reactor, the rate of fission of uranium is controlled by 
use of a moderator (e.g. graphite). 
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Radioactive isotopes are often of value as tracers. For example, 
suppose that we wish to know whether or not there is a dynamic 
equilibrium between a solute (e.g. lead chloride) and its saturated 
solution. If a radioactive isotope is incorporated into the solute, the 
radioactivity should be detectable in the saturated solution if there is a 
dynamic equilibrium. 


2.6 ARRANGEMENT OF ELECTRONS IN ATOMS 


If the energy levels (shells) around the nucleus are given numbers 
1, 2, 3, 4, ete, starting with 1 adjacent to the nucleus, the total number 
of electrons which can be placed in each level is given by 2n?, where п 
is the number of the level. Hence, level 1 can accommodate 2 electrons, 
level 2 can accommodate 8, level 3 can accommodate 18, etc. 


\, J} 

ae: NS SS 

Hydrogen atom Helium atom Oxygen atom Neon atom 
AW. = 1 АМ.= МУ. = 16 A.W. 720 


Sodium atom Chlorine atom Argon 
^ 


AN. = 23 A.W. = 35 NU 


/ 
— d ~— 


А "heavy hydrogen" A tritium atom 
ог deuterium atom AW.=3 * 
АМ.=2 
Fic. 2.6 


The electronic arrangements of a few atoms аге as follows: 


hydrogen 1 oxygen 2, 6 phosphorus 2, 8, 5 
helium 2 neon 2, 8 sulphur 2, 8, 6 
carbon 2, 4 sodium 2, 8, 1 chlorine 2, 8, 7 
nitrogen 2, 5 magnesium 2, 8, 2 argon 2, 8, 8 
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Apart from helium, all the Rare Gases (neon, argon, krypton, 
xenon, radon) have eight electrons in their outermost shell. 

The diagrammatic representation of some of the above atoms are 
given in fig. 2.6. 


2.7 ATOMIC SYMBOLS 


Since all atoms of a particular element are alike, it is possible to 
represent an atom of any element by a symbol characteristic of that 
element. The modern symbols were introduced by Berzelius, a few of 
the most important ones being given in table 2.2. 


Table 2.2 

Element Symbol Element Symbol Element Symbol 
Aluminium Al Iodine T Platinum Pt 
Barium Ba Iron Fe Potassium K 
Boron B Lead Pb Silicon Si 
Bromine Br Magnesium Mg Silver Ag 
Calcium Ca Manganese Мп Sodium Na 
Carbon Cc Mercury Hg Sulphur S 
Chlorine cl Nitrogen N Tin Sn 
Copper Cu Oxygen [9] Zinc Zn 
Hydrogen H Phosphorus P 


The symbols are based on the English, Latin or Latinized name of 
the element. Thus, O represents a single atom of oxygen, 2 O represents 
two separate atoms of oxygen, 4 N represents four separate atoms of 
nitrogen, and so on. 

Elements do not normally exist as single atoms in the free state, but 
their molecules contain several atoms. The number of atoms in one 
molecule of an element is called the atomicity. Thus hydrogen, oxygen, 
nitrogen, chlorine, bromine are diatomic (H2, О, №, С, Br;), 
phosphorus vapour is tetratomic (Ра), ozone is triatomic (Оз), sulphur 
vapour is octatomic (Ss), although the Rare Gases are all monatomic 
(He, Ne, A (or Ar), Kr, Xe, Rn). A P 

Although elements may have atomicities greater than unity in the 
solid state, it is customary to write their symbols as though they were 
monatomic, e.g. sulphur S, iron Fe, etc. 

When writing the symbols of isotopes of an element, the mass 
number is put at the top left-hand corner and the atomic number in 


the bottom left-hand corner, e.g. 25СІ, %% 1, 385г, 1 
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2.8 SIMPLE IDEA OF VALENCY 


The valency of an element is a measure of its combining power with 
other elements and can be defined as the number of atoms of hydrogen 
or chlorine combining with one atom of the element. Some elements 
can have more than one valency, this being termed variable valency, 
e.g. iron (2, 3), copper (1, 2). 

Certain groups of atoms, which cannot exist by themselves, are 
constantly occurring in compounds. They are called radicals, e.g. 
sulphate 504, nitrate NO3, carbonate CO3, hydroxide OH, am- 
monium NH4. 

Table 2.3 gives the valencies of some of the commoner elements and 
radicals. When writing the formula of a chemical compound, it is only 


necessary to ensure that all the valency bonds of an element or radical 
are satisfied. 


Examples: sodium chloride Na— i —Cl — NaCl 
—OH 
: ToU 
calcium hydroxide ow — Ca(OH); 
—OH 
/ 250. 


aluminium sulphate AI— 


2804 => А1(80,4)3 
7 

Al— 
2504 


ammonium chloride NH,— —Cl — NH,Cl 


The difficulty with writing formulae in this way is that it makes no 
distinction between the chemical bonds present in different classes of 
compound, For example, if a solid compound is soluble in water but 
not in benzene, has a high melting point, and conducts electricity in 
the molten state or in aqueous solution, these properties are dependent 
upon the nature of the valency forces in its structure. 


2.9 THE ELECTRONIC THEORY OF VALENCY 


The Rare Gases form only a limited number of chemical compounds 
(although several have been described in recent years, e.g. xenon tetra- 
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fluoride XeF;, xenon hydroxide Xe(OH),, xenon trioxide XeO3), and 
it is therefore assumed that their atoms have relatively stable electronic 
arrangements. Atoms of other elements are assumed to have unstable 
electronic arrangements and, during the establishment of chemical 
bonds, it is assumed that a redistribution of electrons occurs so as to 
leave each atom with the stable electronic configuration of a Rare Gas. 
In some cases stability is achieved with only the outer electronic con- 
figuration of a Rare Gas, but these examples will be left to a more 
advanced textbook. 


Table 2.4 
Rare Gas Shell 


- 
N 
w 
~ 
[7] 
е 


Helium 2 

Меоп 2 8 

Агроп 2 8 8 

Krypton 2 8 18 8 

Xenon 2 8 18 18 8 
Radon 2 8 18 32 18 8 


A stable electronic configuration can be achieved by gain, loss or shar- 
ing of electrons. 


(a) Ionic valency (electrovalency) 


Consider the formation of sodium chloride. If the sodium atom (2, 8, 1) 
loses an electron, it attains the electronic configuration of neon (2, 8), 
It has not become neon, however, since it contains one extra proton in 
its nucleus. It is a charged sodium atom, called a sodium іол, and written 
Nat. If a chlorine atom (2, 8, 7) gains an electron, it attains the elec- 
tronic configuration of argon (2, 8, 8). It has not become argon, how- 
ever, because it contains one less proton in the nucleus. It is a charged 
chlorine atom, called a chloride ion, and written Cl-. In the formation 
of sodium chloride, the electron in the outer energy level of the sodium 
atom (the valency electron) moves over into the outer energy level of 
the chlorine atom. The two ions formed are held together by electrical 
attraction (a positive charge attracts a negative charge). 

This type of bond is called ionic or electrovalent. A compound like 
sodium chloride, which contains ionic bonds, exists as ions in the solid 
state, and there are no atoms or molecules. The ions are arranged in the 
most stable manner (fig. 2.8) on a crystal lattice. When the compound 
is melted, or dissolved in water, the ions become free to move about 
and are not confined to a definite pattern as in the solid structure. 
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Na + 


Chlorine atom Chloride ion Argon atom 
(b) 
Fic. 2.7 


Fic. 2.8 


The arrangement of ions in a sodium chloride 

crystal. The right-hand diagram shows the relative 

sizes of the sodium and chloride ions. The left-hand 

diagram shows only the centres of the ions and not 
their relative sizes 
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Another example is provided by magnesium chloride. 


Mg + 2Cl > Ме++ + 2CI- 
Ionic compounds 


(a) are generally salts, soluble in water, 


(b) are electrolytes (see 3.1) in the molten state and in aqueous 
solution, 
(c) have high melting and boiling points. 


It is almost impossible to obtain ions with a charge greater than 3. 


(b) Covalency 


Here atoms attain a stable electronic configuration by the sharing of 
electrons between two atoms, each atom providing one electron for the 
resulting bond. There is no question of an electron transfer in this type 
of bond. 

In hydrogen, for example, each atom provides one electron so that 
each one attains the stable configuration of helium. Although the elec- 
trons are designated differently, this is only to indicate from which 


atom they come. 
CONS 


— = Covalent bond 
Fic. 2.9 


Other examples are shown in fig. 2.10. 

Only the outer electronic shells are shown in each case. It is impor- 
tant to realize that covalent compounds contain molecules, although 
the shapes are not immediately obvious by writing the above electronic 
formulae. Thus, the molecule of water is not linear. The reasons for 
this will be left to a more advanced textbook. 

Covalent compounds: 


(a) generally have low melting and boiling points, 
(b) are non-electrolytes (see 3.1), 
(c) are either insoluble in water or decomposed by it. 


Bonds in Rare Gas compounds, e.g. xenon difluoride, XeF;, xenon 
tetrafluoride, XeF,, xenon trioxide, ХеОз, are covalent rather than 
ionic, but a more complicated theory must be used to explain their 


36 


Atomic Structure, Formulae and Bonds 


Chlorine Nitrogen Hydrogen chloride 


99 5 oo 
() cis B Qes 
со : оо 

а! -е! N= H—CI 


Methane 


existence than the simple one we have adopted in talking about covalent 


compounds in this book. 
In a special type of covalency called co-ordinate covalency (dative 
covalency) one atom provides both shared electrons for the covalent 


bond. An example is provided by the ammonium ion, NH}. 


H н ar 
aal Н+ EN: >н 
н н 
— = co-ordinate covalent bond 
Fic. 2.11 


electrovalent and covalent bonds, 


Some compounds contain both 
dium hydroxide NatOH-. 


e.g. ammonium chloride NH; CL, so 
H хх ж 
Na* | AOA н| Na’ [О—Н] 
хх 


Fic. 2.12 
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Chemical formulae can be written easily if you learn (а) charges on 
various ions for the writing of formulae of ionic compounds, (b) co- 
valencies for the writing of formulae of covalent compounds. 

These are given in tables 2.5 and 2.6. 


For example: 


aluminium nitrate NO; 
AI(NO3)3 AI***| МОГ N.B. All the charges on 
NO; a given ion must be 
zinc phosphate 2п++ po--- balanced by a 
Zn3(PO4); [= | PO- E charge of opposite 
Znt* ы sign. 
potassium chloride 
KCl K+ [елы 
Table 2.5 
Positive Ions Negative Ions 
+ ++ +++ d - -- — 
Ht Mg** А» Ѕп++++ H- o= N--- 
Nat Catt Fett CI 5-- PO;-- 
K* Batt Сг+++ Br- CO;- 
Ag* Zn** I- SiO; - 
Cut Не» OH-  SO;- 
Hgt Си» NO; SO;- 
NH} Sn** NO;  MnO;- 
Pitt CIO; СгО;- 
Fett HCO; Cr;0;- 
Mn** HSO; 
Nit+ HSO; 
OCI- 
MnO; 


What type of bonds do you think exist in sodium bromide, carbon 
tetrachloride, hydrogen sulphide and potassium chloride? 


2.10 CHEMICAL EQUATIONS 


1, Equations must have the same number of atoms or ions of each 
element concerned on both sides of the equation. 
2. When some or all the reactants and products are ionic compounds, 
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Table 2.6 
Covalencies 
1 2 3 4 5 6 
H о N С N S 
а 5 Р Si P 
Br 
I 
hydrogen chloride H— —а 
HCI 
—H 
ammonia P d 
NH; N— —H 
X 
—н 
—H 
water ut 
HO [9] 
¥ 
—н 


ап ionic equation should be written. It is important to balance charges 
on both sides of the equation, for example: 


AgNO; + HCl > AgCl} + HNO; 
becomes Ag+ + NO; + Н+ + СЕ > AgCl} + Н+ + NO; 
or Agt + CI- > AgCI} 


Another example is: 
Nat + OH- + Ht + CI- > Ма“ + СГ + H20 
(NaOH) (нс!) (NaCl) 
or H+ + OH- > H20 
Another example is: 
Zn + HSO4 => 21504 + Hat 
or Zn + 2H* > Zn*t + Hat 
Another example is: 
Cl; + 2KI + 2KCI + I; 
or Cl, + 2I- > 2Cl- + Iz | 
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3. Care must be exercised that all formulae of reagents are correctly 
shown. А : 
4. The equation written must represent a reaction actually taking 
place. С. 

5. An equation cannot indicate: 


(а) the physical states of the reactants and products (solids, liquids, 
gases, solutions, colour, etc); an arrow upwards is used to indicate the 
formation of a gas and an arrow downwards indicates the formation of 
a precipitate, 

(6) whether heat is liberated or absorbed during the reaction, 
whether heat is needed to start the reaction, the rate of reaction, etc. 


If heat is needed, the word ‘heat’ can be inserted above the arrow, 
for example: 


heat 
CuCO; —> CuO + сол 


Heat liberated or absorbed is indicated after the equation (the 
symbol used is AH, a negative sign indicating heat evolved and a 
Positive sign indicating heat absorbed; thus, when heat is liberated, the 
system loses heat while the surroundings gain an equivalent amount of 
heat), for example: 


250, + О» = 250; АН = —45 kilocalories 


A reversible reaction is indicated by using a double arrow. 


2.11 ELECTRONEGATIVITY 


Electronegativity is a term used to denote the ability of an atom to 
attract electrons relative to other atoms. For example, chlorine is highly 
electronegative since its atoms readily capture an electron forming 
chloride ions. Other very electronegative elements are oxygen, nitrogen, 
fluorine and sulphur. 

Pauling has devised a scale whereby electronegativities can be given 
numerical values. 

Electropositivity is the opposite of electronegativity. Thus, sodium 
is highly electropositive (weakly electronegative) since its atoms readily 
lose an electron forming sodium ions. Other highly electropositive 
elements are potassium, calcium, magnesium and aluminium. 

Notice that metals are generally highly electropositive while non- 
metals are highly electronegative. 

In covalent bonds where two elements of differing electronegativity 
are participating, the more electronegative element has the greater 
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share in the two electrons of the bond. Thus, in hydrogen chloride, 
chlorine is the more electronegative and has the greater share of 
electrons. This is represented as follows: 


dieu 
Ha H—CI 
electrical dipole 
There is, however, no question of complete separation of charge, such 
as occurs in an ionic bond, 
Some electronegativities on the Pauling scale are as follows: 


H 

21 
Li Be B Cc N o F 
10 15 20 25 3-0 35 40 
Ма МЕ А1 Si Р 5 а 
0:9 12 15 18 21 25 3-0 
Br 
28 

I 

25 


2.12 THE PERIODIC TABLE 


In 1829, Dóbereiner was the first to comment that the second element 
in the ‘triads’ 


lithium sodium potassium 
calcium strontium barium 
sulphur selenium tellurium 
chlorine bromine iodine 
iron cobalt nickel 


had an atomic weight which was almost exactly the arithmetic mean 
of the first and third elements, e.g. Li — 7, K — 39, Na — 23 (i.e. 
(7 + 39) + 2). But the differences between different members of the 
five ‘triads’ was not uniform—there was hardly any difference at all 
between Fe, Co, Ni. 

Newlands (1863) was the first to see that, if the known elements 
were written in ascending order of atomic weight, similar properties 
reappeared in every eighth element, like notes in a musical ‘octave’, 
This system worked well for the lightest elements but, by failing to 
allow for an expansion of the octave when dealing with heavier ele- 
ments, the theory broke down. 
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The first really important system of classification of the elements 
was devised by the Russian Mendeléeff (1869) when he stated the 
periodic law; ‘the properties of the elements are periodic functions of 
their atomic weights’. The classification of elements according to their 
atomic weights produced several anomalies owing to the existence of 
isotopes (see 2.1, 2.4). For example, cobalt and nickel, argon and 
potassium, tellurium and iodine come in the wrong order when 
arranged in order of atomic weight because cobalt, argon and tellurium 
have a preponderance of isotopes (at that time unrecognized) of high 
mass number while nickel, potassium and iodine have the reverse. 

It has already been seen that the fundamental determinant of 
properties (especially chemical ones) of the elements is the number of 
protons (or therefore the number of electrons) in their atoms, the 
neutrons just giving extra weight to the atoms. In modern classifications, 
therefore, the elements are arranged in increasing order of ATOMIC 
NUMBER (see 2.2). A modern Periodic Table (Bohr-Thomsen table) is 
shown in table 2.7. 

You will not, of course, have to remember all the table at this stage 
of your studies in chemistry, but the whole table has been given so that 
you can see the general layout. The names of the elements are given at 
the back of this book, together with their atomic weights. 

The use of letters IA, ПА, etc dates from Mendeléeff’s table, and it is 
still a useful method of referring to a particular set of elements. The 
table is divided into vertical GROUPS and horizontal PERIODS, In the 

Mendeléeff table there was a necessity for sub-groups A and B, which 
have been abandoned in the modern table. Thus, Mendeléeff had lithium 
and sodium as the typical elements of his Group I, potassium, rubidium 
and caesium as his A sub-group and copper, silver, gold as his B sub- 
group. In the modern table, the typical elements have been placed with 
the sub-group they most resemble. Thus, Group IA contains lithium 
(Li) to francium (Fr), Group IIA contains beryllium (Be) to radium 
(Ra), Group VIIB contains fluorine (F) to astatine (At), and so on. 
The letters A and B are used merely for convenience, and do not imply, 
for example, that Groups IA and IB are closely related. 

Hydrogen is placed at the top of Group IA only because no other 
satisfactory place can be found for it, 

The following points should be remembered: 

(a) The Group into which an element falls often corresponds to the 
valency of the element, e.g. sodium is monovalent, magnesium divalent, 
aluminium trivalent. In other cases, the valency of the element is found 
by subtracting the number of the Group from 8, e.g. nitrogen is tri- 
valent, oxygen divalent, chlorine monovalent. 

The process of 'subtraction from 8' concerns the fact that the 
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‘hydrogen valency’ and ‘oxygen valency’ of an element must total 8, 
for example: 


Nitrogen ammonia NH3 nitrogen pentoxide NOs 
V=3 У=5 
3+5=8 
Sulphur hydrogen sulphide H.S sulphur trioxide SO; 
V=2 V=6 


2+6=8 


(b) Metallic (highly electropositive) elements lie to the left of the 
table while non-metallic (highly electronegative) elements lie to the 
right. Elements in the middle of the table are often difficult to classify 
as metals or non-metals. 

(c) In passing down a Group, the elements generally become more 
metallic (electropositive). Thus in Group VB, nitrogen and phosphorus 
are non-metallic, arsenic and antimony are intermediate between metals 
and non-metals, while bismuth is a metal. 

(d) The properties of the elements are normally related in a vertical 
direction. Thus, fluorine is related to chlorine, bromine, iodine and 
astatine while lithium is related to sodium, potassium, rubidium, 
caesium and francium. In some cases, however, there is a horizontal 
relationship. Thus, the elements in the transition series (e.g. scandium 
(Sc) to zinc (Zn)) are related to one another in a horizontal direction. 


Some general chemistry of families of elements 


Group IA, the Alkali Metals, consists of the family lithium, sodium, 
potassium, rubidium, caesium, francium (radioactive). It is the most 
electropositive family in the table. The elements in this family are all soft 
silvery-white metals which rapidly tarnish in air. They have low melting 
points (decreasing with increasing atomic number), are malleable and 
ductile, good conductors of heat and electricity, and have a high lustre. 
They are the most reactive metals and occupy positions right at the 
top of the electrochemical series (see 5.1). Their compounds are gener- 
ally stable and ionic, since the Alkali Metal atoms have one electron in 
the outer shell which is easily lost to form a stable Rare Gas structure. 


M +> M+ + 1 electron 


Group ПА metals consist of the family beryllium, magnesium, . 
calcium, strontium, barium and radium (radioactive), the last four 
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being called the Alkaline Earths. They are all whitish metals, the 
Alkaline Earths being rather brittle, with high electrical and thermal 
conductivities. 

They are highly electropositive, being second only to the Alkali 
Metals as an electropositive family. The lower the metal in the family, 
the higher its position in the electrochemical series (see 5. 1); hence the 
reactivity of the metals increases in passing down the Group. 


MM**-r2e: 


The chemistry of beryllium is, in general, different from the rest and 
the following statements apply only to magnesium and the Alkaline 
Earths. 


Oxides: basic. 

Hydroxides: sparingly soluble in water, basic, but weakly so, the 
strength increasing in passing down the Group. 

Salts of strong acids: generally stable, but some salts of magnesium are 
attacked by water (this is the process called hydrolysis, see 7.11). 

Carbonates: evolve carbon dioxide on heating, the ease decreasing 
in passing down the Group. 

Bicarbonates: do not exist out of solution. 

Nitrates: give nitrogen dioxide and oxygen on heating, except barium 
nitrate, which first gives the nitrite. 


2Ва++(МО;)» > 2Ba*#(NOz)2 + О! 
strong heat 2Bat+(NO;)2 > 2Ва++О—— + 4NO»2 + Ort 


In general, the salts become more soluble in passing down the Group, an 
exception being the sulphates; barium sulphate is one of the most 


insoluble salts known. 


Group IVB contains the elements carbon, silicon, germanium, tin 
and lead. In passing down the family, the elements become more 
electropositive, from carbon (typically non-metallic, no salts except 
where the element is present in the form of a carbonate СО;“ or 
bicarbonate HCO;), to lead (evidently metallic, readily forms salts 
such as Pb^*SO;^, Pb**(Cl-)2, Pb**(NO;);). Oxides of carbon and 
silicon are acidic (although silica SiO; is insoluble in water whereas 
carbon dioxide СО; dissolves), while oxides of tin and lead in the 
tetravalent state (the oxidation state IV, see 4.5) are amphoteric (see 
7.9). 

In passing down the Group, the tendency to form compounds of the 
divalent elements increases: tin and lead form stable ions Sn** and 
Pb**. 
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Although tin and lead are evidently metallic, they form some tetra- 
covalent compounds, e.g. the unstable hydrides (SnH4, РЫН), the 
tetrachlorides (SnClz, PbCl,). . 

Stannous ions are good reducing agents, while plumbous ions are 
not, this showing that lead is more ready than tin to form the divalent 
ion. 


Group VB contains the elements nitrogen, phosphorus, arsenic, 
antimony and bismuth. In passing down the family, the electropositive 
character increases, from nitrogen (gaseous, non-metallic) to bismuth 
(solid, metallic). The stability of the hydride МН» (containing the 
trivalent element) decreases in passing down the Group; thus, ammonia 
МН; is much more stable than bismuthine BiH. After phosphorus, 
there is a tendency to form compounds in which the element has a 
trivalency, rather than a pentavalency. 

Bismuth alone fairly readily forms salts containing the trivalent 
cation (Ві+++), e.g. bismuth nitrate Bi***(NO;);. 

Nitrogen forms many oxides, which are neutral (N20, NO) ог 
acidic (N203, N204, N2Os). Phosphorus forms acidic oxides (РО, 
Р.О; or P406, РаАО/о—ассога пе to structure). Arsenic and antimony 
form amphoteric oxides. Bismuth forms a basic oxide (Bi;O;). 

The stability of the trichlorides increases in passing down the Group; 
nitrogen trichloride is an explosive covalent compound (NCl3) while 
bismuth trichloride is stable and ionic (Bi***(CI7)3). 


Transition elements 
These have several notable general features: 


(a) They exhibit variable valency (i.e. can exist in a variety of oxida- 
tion states, see 4.5), e.g. iron shows main valencies of 2 and 3, chromium 
of 3 and 6, etc. 

(b) They often form coloured ions in aqueous solution, e.g. ferrous 
ions (green), ferric ions (yellow), cupric ions (blue). 

(c) They readily form complex ions (see 6.8), e.g. cuprammonium 
ions [Cu(NH3)4]** (deep blue). 

(d) Many of the metals and their salts often have high catalytic 
activity (see 16.4), e.g. nickel is used in hydrogenation reactions (see 
6.5). 


The Halogens (the word means ‘salt producer’) consist of the family 
fluorine, chlorine, bromine, iodine and astatine (radioactive). It is the 
most electronegative family in the table. Fluorine and chlorine are pale 
green gases at normal temperatures, bromine is a red-brown liquid, and 
iodine a black solid. They have one electron less than the structure of 
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a Rare Gas and therefore form negative ions very easily, as in sodium 
chloride Na*Cl-. 
X + 1 electron — X- 


With other electronegative elements, the Halogens form compounds 
containing covalent bonds, e.g. hydrogen chloride НСІ, phosphorus 
trichloride РС. 

Halogens are oxidizing agents (see 4.1), the strength decreasing in 
passing down the series. Since their ability to act as oxidizing agents 
depends upon their ability to remove electrons from other atoms or 
ions, it might be expected that their strength as oxidizing agents would 
decrease as the size of their atoms gets larger (the electrons removed 
would be closer to the attraction of the nucleus for a smaller Halogen 
atom); the atomic size increases with increasing atomic number. 


2.13 ATOMIC RADII 


The radius of an atom is the distance measured from the centre of the 
nucleus to the extreme shell of electrons around the nucleus. 

The atomic radius determines the electronegativity of an element. 
Thus, the radius of the sodium atom is larger than that of iron, making 
the valency electron of sodium more easily removed, i.e. sodium is the 
more electropositive. There is a whole philosophy of chemistry based 
on atomic radii. For example, the fact that the atomic radius of sodium 
is larger than that of iron makes the former softer (the atom can be 
compressed more easily), a better thermal and electrical conductor (the 
valency electron is further from the attraction of the nucleus), and 
lighter (the volume of the atom is very large, density being mass per 
unit volume). 


2.14 METALLIC STRUCTURES 


Metals have structures in which the atoms are ‘close-packed’, the num- 
ber of neighbours surrounding a given atom being normally twelve (but 
sometimes eight). The structures contain positively charged ions to- 
gether with a cloud of electrons which can move freely throughout the 
structure. It is this cloud which gives the metal its characteristic 
properties such as electrical conductivity. 


2.15 VAN DER WAALS’ BONDS 


In some structures, e.g. graphite, there are weak forces (van der Waals’ 
forces) holding the atoms or molecules together. These forces arise 
owing to the attraction of atomic or molecular dipoles (see 2.11), 
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2.16 HYDROGEN BONDS 


In compounds containing hydrogen atoms together with atoms of a 
highly electronegative element (nitrogen, oxygen, fluorine), the hydrogen 
atoms can act as a ‘bridge’ between atoms of the electronegative element 
forming a ‘hydrogen bond’, Examples are water H;O and ammonia 
NH. Since the boiling point of a molecular liquid depends, to a large 
extent, on its molecular weight (see 2.17), the boiling points of liquids 
like water and ammonia are higher than expected since hydrogen 
bonding effectively increases the molecular weight. 


water ammonia 774 pos 
H H 
zd He 74 
онтон е 
н н н Н, 
ЕЗ aS 


2.17 MOLECULAR WEIGHTS 


The molecular weight of an element or compound is defined as the 
weight of one molecule of it compared with the weight of one atom of 
a standard element, the most recent standard being carbon (С = 12). 


Mw. = Wt of 1 molecule of element ог compound 
SES vz X wt of 1 atom of carbon 


To calculate molecular weights, or formula weights of ionic com- 
pounds, the atomic weights are added up. 


Examples: 
1. sodium carbonate Ма;СОз (an ionic compound) 
Na = 23, C = 12, O = 16 
Formula wt = 2 x 23 + 12 + 3 x 16 = 106 
2. benzene C&H; (a covalent compound) 
C=12,H=1 


Molecular wt = 6 х 12+6x1=78 
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2.18 PERCENTAGE COMPOSITION FROM FORMULA 
Examples: 


1. Find the percentage of oxygen in water, H;O 


H = 1, O = 16, M.W. = 2 + 16 = 18 


Fraction of oxygen per molecule = 16 
16 х 100 


po = 88:89% 


% of oxygen per molecule = 


2. Find the percentage by weight of water in sodium carbonate de- 
cahydrate. 

Many salts crystallize with molecules of water attached to them, 
and sodium carbonate is an example, the formula of its hydrate being 
Na2CO;3.10H20. 


Na = 23, C = 12,0 = 16, H =1 
Formula weight = 2 х 23 + 12 + 3 x 16 + 102 + 16) = 286 


5 180 x 100 
% of water per formula weight = оно == 629% 


2.49 CALCULATIONS FROM EQUATIONS 


A chemical equation can give many quantitative details about a reaction. 


Examples 


1. Find the weight of hydrogen produced when 6:55 g of zinc are re- 
acted with excess dilute sulphuric acid. 


Zn = 65:5, H = 1 (S = 32, O = 16) 
Zn + Н,50, > ZnSO, + Hat (or Zn + 2H* > Zn** + Ha) 


The equation tells us that the atomic weight (in units of weight) of 
zinc reacts with sulphuric acid (it is assumed that more than enough is 
available to react with the given amount of metal, i.e. an excess) to give 
the formula weight (in units of weight) of zinc sulphate (or one zinc 
ion, in units of weight) plus the molecular weight (in units of weight) of 


hydrogen. 
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Hence, 65-5 g of zinc react with excess acid to give 161-5 g of zinc 
sulphate and 2 g of hydrogen. That is: 
65-5 g of zinc — 2 g of hydrogen 
* 1 g of zinc > zs g of hydrogen 
2 x 16°55 
65-5 
2. What weight of oxygen could be obtained by heating 490 g of 
potassium chlorate? 


6:55 g of zinc > = 0:2 g of hydrogen 


К = 39, СІ = 35:5, O = 16 
2KCIO; + 2КС1 + 30,1 


2(39 + 35:5 + 48) g > 32 x 16) в 
245 g + 96g 
490 g — 2 x 96 — 192 g of oxygen 


N.B. Generally, volumes of gases (rather than weights) are required 
(see 2.20). 


2.20 CONVERSIONS OF WEIGHTS OF GASES 
TO VOLUMES 


The molecular weight has no units, although it is often convenient to 
express it in grams when it is called the gram molecular weight. 


Gas M.W. 1 G.M.W. equals 
Oxygen, O2 32 32 grams 
Hydrogen chloride, НСІ 36:5 36:5 grams 
Nitric oxide, NO 30 30 grams 


The gram molecular weight of any gas contains a fixed number of 
molecules, called the Avogadro number (N = 6 x 1023), Suppose that 
the absolute weight of the carbon atom is m. Then 


Wt of 1 molecule of gas or vapour 
wxm 


M.W. of gas or vapour = 


or Wt of 1 molecule of gas or vapour = M x т[12 
Thus, for oxygen, Wt of 1 molecule = 32 x m/12 


32x12 12 
32xm m 


ie. number of molecules per gram molecule — 
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This is also true for all other gases, the quantity 12/m being the 
Avogadro number. 

Avogadro’s hypothesis (2.1) tells us that equal volumes of all gases 
under the same conditions of temperature and pressure contain equal 
numbers of molecules. If the gram molecular weight of any gas contains 
a fixed number of molecules, therefore, it must occupy a definite volume 
at a fixed temperature and pressure. That chosen is normal temperature 
(0°C, 273°A) and normal pressure (760 mm of Hg), i.e. N.T.P. It is 
found that 1 gram-molecule of any gas at N.T.P. occupies a volume of 
22:4 litres. This is called the gram molecular volume. 

Example: In example (1) given in 2.19, find what volume of hydrogen 
is evolved at N.T.P. 
2 g of hydrogen occupy 22,400 cm? at N.T.P. 


22,400 x 0:2 
2 


0:2 g of hydrogen occupy = 2,240 cm? 


The volume of gas should, for preference, be obtained directly: 


65:5 g of Zn — 22,400 cm? of H; at N.T.P. 
* 655 g of Zn > 2,240 cm? 


2.21 USE OF THE GENERAL GAS EQUATION 


Boyle's law states that the volume of a given mass of dry gas varies 
inversely as the pressure to which it is subjected at constant temperature. 


P a 1/V or PV — k, where k is a constant 


Charles's law states that a gas expands by т?з of its volume at 0°C 
for every degree rise in temperature (at constant pressure). This can be 
shown to be equal to the statement that the volume of a gas is directly 
proportional to its absolute temperature at constant pressure. 


VET 


By combination of these two laws, the general gas equation can be 
deduced. If P = pressure, V = volume and T = absolute temperature: 


Р, x Vi PBX V2 
Ti T2 
Example: Find the volume occupied by 200 cm? of dry air at 15°С and 
760 mm of Hg when its conditions are altered to 0°C and 760 mm. 
М.В. 0°C + 273 = °A. 
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Applying the general gas equation: 


760 x V, 760 x 200 
273 Q3 15) 


where V; is the required volume 


_ 200 х 273 _ (кб. а 
Vi = зз — = 1895 cm 


2.22 VAPOUR DENSITY 


The vapour density of a gas is the weight of a certain volume of the gas 
(or vapour) divided by the weight of an equal volume of a standard gas 
(normally hydrogen), under the same conditions of temperature and 
pressure. 


The vapour density is half the molecular weight. 


VD.= Wt of 1 volume of gas or vapour 
*7` Wt of equal volume of hydrogen (same conditions) 
By Avogadro's hypothesis 


VD.= Wt of 1 molecule of gas or vapour 
^ Wt of 1 molecule of hydrogen 


Assuming that hydrogen is Н, 


ур. Wt of 1 molecule of gas ог vapour 
fne 2 x Wt of 1 atom of hydrogen 


- 


2 x V.D. — M.W. of gas or vapour (on hydrogen scale) 


223 GRAHAM'S LAW OF DIFFUSION 


Diffusion is the slow passage of one substance into another when they 
are placed together. Graham stated that the relative rate of effusion 
(proportional to diffusion) of two gases through a porous plug is 
inversely proportional to the square roots of their densities. 


n /%_ [M 
I2 Di М, 


(r = rate, D = density, M = molecular weight) 
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Hence, the larger the molecular weight of a gas, the slower its rate 
of effusion (diffusion). 
If the times taken by equal volumes of the gases to effuse are tand 
tp; 
ta (МА 
te A Ms 


2.24 THE KINETIC THEORY OF GASES 


This theory is able to account for the properties of gases as expressed 
by the gas laws, e.g. Boyle’s law, Charles’s law, Graham’s law, Avo- 
gadro’s hypothesis. 

It is supposed that a gas contains small molecules which are in con- 
tinual rapid motion in every direction. These molecules are perfectly 
elastic spheres which are constantly colliding with each other and with 
the walls of the vessel containing the gas. The motion of the molecules 
increases as the temperature of the gas is raised since increase of tem- 
perature increases the energy of the system. 

The pressure exerted by a gas is supposed, on this theory, to result 
from the collective force of the impacts of the moving molecules on the 
walls of the container holding the gas. The walls are, in effect, constantly 
being bombarded. The collisions between the molecules, and between 
the molecules and the walls, will increase in number as the volume of 
the container is decreased, for there is then less room for motion. It is 
this increase in the number of collisions which accounts for the relation 
between a decrease in volume and an increase in pressure (Boyle’s law). 

In hydrogen at N.T.P., the average velocity of the molecules is 
183,800 cm per second (about 1 mile per second) and, on an average, 
each molecule travels 0:0000178 cm before colliding with another. This 


800 
means that each molecule undergoes 18330). ог 10,330,000,000 


collisions per second! : - 
It should be remembered that the molecules, atoms or ions in a 
liquid are also in constant rapid motion (kinetic theory of liquids). 


2.25 QUESTIONS 


1. What volume of oxygen at N.T.P. is evolved when 24:5 g of potas- 
sium chlorate are heated? [6-72 1] 

2. What volume of hydrogen at 20°С and 750 mm of Hg is evolved 
when 6:55 g of zinc are reacted with excess dilute sulphuric acid? 

[243 1] 
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3. А sample of dry air occupies 200 cm? at N.T.P. What volume will 
it occupy at 27°C and 755 mm of Hg pressure? [218-3 cm?] 

4, Find the percentage by weight of water in cupric sulphate penta- 
hydrate CuSO,.5H2O (Cu = 63:5, S = 32, О = 16, H = 1), and 
the percentage by weight of nitrogen in ammonium sulphate 
C(NH4);SO, (N = 14). [362 %, 21:2%] 

5. Write formulae for cupric hydroxide, aluminium chloride, calcium 
nitrate, zinc carbonate and sodium sulphate. 

6. А gas has a volume of 300 cm? at 27°С and 380 mm. Calculate its 

volume at N.T.P. [136:5 cm?] 

7. A gas has a volume of 200 cm? at 27°С and 760 mm. Calculate the 

volume of gas at (a) 327°C and 760 mm, (b) — 123°C and 380 mm. 

[(a) 400 cm?, (b) 200 cm?] 

8. Calculate the normal density of carbon dioxide, given that 1:63 g 

of it occupies a volume of 890 cm? at 748 mm. [1:963 2/1] 

9. The two chlorides of tin contain respectively 62:6% and 45:5% of 

the metal by weight. Show that these figures are in agreement with 
the Law of Multiple Proportions. 

10. Two oxides of a metal contain respectively 22-2% and 30:0% by 
weight of oxygen. Show that these figures illustrate the Law of 
Multiple Proportions. 

11. A salt forms two crystalline compounds with water, the composi- 
tions being as follows: 


1 2 
A 
nhydrous salt 63-86 89-83 
Water 36-14 10:17 


Show that these figures illustrate the Law of Multiple Proportions. 
12. Anelement X has valencies of 2 and 3. Write the simplest formulae 
for the sulphates, nitrates and oxides of X. 
13. Calculate the percentage by weight of iron in ferric sulphate, 


Fe;(SO4)s. [28%] 
14, Calculate the percentage by weight of nitrogen in calcium cyana- 
mide, CaNCN. [35%] 


15. Zinc nitrate crystals contain 36:36% by weight of water of crystal- 
lization. What is the formula of the crystals? 

[Zn(NO3); .6H;0] 

16. Find the volume of carbon dioxide, measured at 13°С and 770 mm, 

which is liberated by the action of heat on 4:41 g of sodium 

bicarbonate. [608 cm?] 

17. Find the volume of ammonia at N.T.P. which is liberated when 

3:3 g of ammonium sulphate are warmed with sodium hydroxide 

solution. [1:12 1] 
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18. 5-0 g of a mixture of cupric oxide and copper produced 4-3 g of 
copper on reduction with hydrogen. Given that the cupric oxide 
contains 80% by weight of copper, find the composition of the 
original mixture. [30% Cu] 


2.26 HISTORICAL DEVELOPMENT 


The historical development of the ideas of atoms and molecules may 
be summarized as follows: 


1774. Lavoisier. Law of 

Conservation of Mass. An son sug 

1799. 5 у 

799. Proust. Law of | jq Dalton’s A compound 

Constant Composition. А th 

1803. Dalton. Law off UP | Atomic UNE us 
| to ) Theory called a mole- 


Multiple Proportions. of 
1792, Richter. Law of ae 
Equivalents. cn 

gave 


1808. Gay-Lussac's | led | Avogadro’s the { Molecules of 
Law. up to | Hypothesis | idea | an element. 
of 


2.27 DEFINITIONS 


It is very important to realize that there is no such thing as an atom of 
а compound. An atom of an element, and a molecule of an element or 
compound may be defined as follows: 


An atom of an element is the smallest uncharged particle of an 
element which can possibly be obtained. 

Alternatively, an atom of an element is the smallest uncharged particle 
of the element which can take part in a chemical change. 

A molecule of an element is the smallest particle of the element that 
can exist by itself under ordinary conditions (or in the free state). 

The atomicity of an element is the number of atoms contained in 1 
molecule of the element. 

A molecule of a compound is the smallest particle of the compound 
that can exist by itself under ordinary conditions (or in the free state). 


A molecule of a compound must contain at least two different 
atoms; otherwise it would not be a compound, but an element. This 
enables us to define 

an element as a substance containing only one kind of atom, 
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and 


a compound as a substance containing at least two different kinds of 
atoms combined together. 


2.29 FORMULAE 


If it is known that a particular compound exists and the valencies of its 
component atoms or radicals are known then it is possible to write 
down its correct formula. It is, therefore, very important to learn the 
valencies listed in section 2.8. 

The following points will be helpful, 


(a) Most common metals have a valency of 2. Exceptions are potas- 
sium, sodium, silver and cuprous copper (1), aluminium and ferric 
iron (3). 

(6) Remembering any formulae involving hydrogen atoms enables 
valencies to be derived. For instance, if you can remember that the 
formula of sulphuric acid is H2SO, then it follows from the definition 
of valency (see 2.8) that the valency of the sulphate radical is 2. 
Similarly the formula HCI shows the valency of chlorine to be 1, and 
the formula Н.О gives the valency of oxygen as 2 or of the hydroxide 
radical as 1. 

(c) One word of warning is necessary. A compound does not exist 
simply because a formula can be written for it. 


2.30 USES OF AVOGADRO’S HYPOTHESIS* 


The simple uses of Avogadro's hypothesis may be summarized as 
follows: 

| (a) It introduces the idea of a molecule of an element (see 2.1), ог, 
in other words, the idea of the atomicity of an element (see 2.1). 

(b) It accounts for Gay-Lussac’s law (see 2.1). 

(c) It enables the molecular formulae of gases to be found, e.g. 
hydrogen is diatomic, Н, (see 2.1). 

(d) It leads to the important relationship M.W. — 2 x V.D. This 
provides one of the main methods of obtaining molecular weight values 
by first measuring vapour densities (see 2.22). 

(е) It leads to the ideas of gram molecular weight and gram mole- 
cular volume, and the important result that 1 gram molecular weight of 
any gas occupies 22:4 litres at N.T.P. This result enables a weight of à 
gas to be converted into a volume and vice versa (see 2.20). 

(f) It leads to Cannizzaro’s method of de 
(see 15.5). 


* An hypothesis is something put forward to explain some scientific observations. 


A law is a concise statement summarizing many separate experimental results all 
leading to the same conclusion. 
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3 Electrolysis 


3.1 DEFINITIONS 


An electrolyte is a substance which, in the molten state or in aqueous 
solution, will conduct an electric current. 

Electrolytes can be strong or weak according to whether they produce 
a large number of ions or a small number of ions in the molten state 
or in solution. The electric current is carried by the ions of the electro- 
lyte, i.e. carried through the solution or liquid by the ions into which the 
electrolyte divides (dissociates) (cf. a current carried along a wire by 
electrons) and electrolytic conduction therefore provides direct evidence 
for the existence of ions. Strong electrolytes include all salts (e.g. 
Na*Cl-, Cu**SO;-), strong alkalis (e.g. NatOH-, K*OH-) and 
strong acids in aqueous solution (e.g. H;SO;, НСІ, HNO;). Weak 
electrolytes include weak organic acids such as acetic acid, citric acid, 
oxalic acid and weak alkalis (e.g. ammonia solution). 

Water is a weak electrolyte. 

In solutions of weak electrolytes, there are both molecules and ions 
in equilibrium, for example: 


H20 = Ht + OH- 
СНзСООН = Н+ + CH3COO- 


acetic acid acetate ions 


The double arrow indicates that ionization is incomplete. In any given 
solution of a weak electrolyte there is a constant relationship between 
the number of molecules and the number of ions present. If any ions are 
removed from the solution, more molecules immediately ionize to 
restore balance, this being deduced by application of Le Chatelier’s 
Principle (see 8.8). М 

Non-electrolytes are substances which, in the molten state or in 
aqueous solution, will not conduct an electric current. Examples in- 
clude glucose, ethyl alcohol, petrol, oils, i.e. covalent compounds. 

The ability of electrolytes to conduct a current can be demonstrated 
with the apparatus of fig. 3.1. | 

By increasing the voltage stepwise from about 1-5 to 9 volts, and 
recording the voltage needed to make the bulb glow, it is Possible to 
make a rough comparison of the ease with which electricity passes 
through different substances. (Between experiments, the apparatus is 
washed out thoroughly with distilled water, then acetone, and dried.) 
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Original substance 


1. Sodium chloride (dry) 
2. Sodium chloride (dry) 


3. Pure water (i.e. distilled 


or deionized) 


. Tap water 


(contains ions, see 2.9) 


. Pure ethanol 


4 
5. Pure acetone 
6. 
7 


. Pure water 
8. Pure water 


9. Pure water 
10. Pure water 
11. Pure water 
12. Pure water 


Addition 


Moistened with distilled 
water 


Bench dil. hydrochloric 
acid 

Bench dil. sodium 
hydroxide solution 

Cupric sulphate solution 
Ferric chloride solution 
Sucrose or glucose solution 
Suspension of barium 
sulphate 


Torch bulb 


Copper strips 
Polythene support 


Glass vessel 


~ Tap funnel 


FiG. 3.1 


Glow from 
bulb 
None 


Bright 
None 
Bright 
None 
None 
Bright 
Bright 
Bright 
Bright 


None 


None 


13. Pure glacial acetic acid does not conduct, but the bulb lights up 
when the acid is diluted with distilled water, being dim at first and 
getting brighter with dilution. This shows that the degree to which the 
acid is ionized depends on the dilution, and is greater the greater the 


dilution. 


14. A molten salt, e.g. lead bromide Pb'*(Br-),, potassium iodide 
KI”, will cause the bulb to light up. The salt is contained in a 
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porcelain crucible, instead of the glass vessel shown in fig. 3.1. Both 
these salts melt easily. 

15. A molten organic compound (see chapter 10), e.g. naphthalene, 
polythene, will not conduct electricity. 


Electrolysis is the sorting and sifting of the ions in an electrolyte and 
their release (often as visible materials) at the electrodes (the points at 
which the current enters and leaves the solution). The electrode at 
which the current enters is called the anode while that at which it leaves 
is the cathode. 

An apparatus in which electrolysis is conducted is called a volt- 
ameter. Direct current must be employed, and not alternating current, 
the normal source being a battery or a direct current dynamo. It is 
convenient to consider this as a pump for electrons. When a current is 
passed through the solution, positive ions migrate to the cathode 
(negative electrode) and are called cations. Negative ions migrate to the 


Voltameters for use when gases are collected 


Solution for 
electrolysis 


Platinum 
electrodes 


Carbon 
electrodes 


Mercury ji Solution for 
electrolysis 
@) (b) 

Гіс. 3.2 


anode (positive electrode) and are called anions. When an ion reaches 
its electrode, its charge is neutralized either by taking electrons from the 
electrode (cations take electrons from the cathode, which has an excess 
of electrons) or by giving up electrons to the electrode (anions give up 
electrons to the anode, which is deficient in electrons). 
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It is important in electrolysis to specify the nature of the electrodes, 
since secondary reactions can occur between the electrodes and sub- 
stances liberated there, and also the temperature and concentration of 
the electrolyte, etc. 


Terms used in electrolysis Mechanism of electrolysis 
Battery 
(Red) f ese IR 
ED i ; neni 
Алаар) | Flow of TL 
i {electrons 


Conventional current 


Electrons Electrons 


Anions (give 


Anode 
(deficient in 
electrons, as 
it has a 

+ charge) 


Cathode 
(excess of 
electrons 
as it has a 
= charge) 


Solution for 
electrolysis 


Voltameter: electrons to 


anode) 


Cations (гет- 


ove electrons 
from cathode) 


Fic. 3.3 


If two platinum electrodes are placed in an aqueous solution of 
cupric sulphate and a direct current passed, oxygen bubbles off at the 
anode while copper becomes deposited on the cathode. The blue colour 
of the solution gets paler. 

If water containing a little sulphuric acid is electrolysed with 
platinum electrodes, hydrogen gas bubbles off at the cathode and oxygen 
gas'at the anode, the ratio being 2:1 by volume. 


Max. 4 volt. 


Current 


Max. 
deflection, 
30 


ELI 


milliamp Solution 


, 250 chm. 
Z 8 * Volts 


i س‎ = 
xperimental 
2x 2 volt decomposition voltage 
accumulator Switch ЕВ аена 
© at which elctrolysis 
œ first begins) 


- —- Electron-flow 


ЕС. 3.4 


Fig. 3.4 shows a typical arrangement for investigating the variation 
of current with applied voltage. By altering the setting of the variable , 
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resistance the voltage across the cell can be varied between a negligible 
value and about 4 volts. 


3.2 FARADAY’S LAWS 


1. The weight of substance liberated at an electrode is directly pro- 
portional to the quantity of electricity passed. 

Quantity of electricity is measured in coulombs, 1 coulomb being the 
quantity passing when 1 ampere flows for 1 second, i.e. 


Number of coulombs = Number of amperes X Number of seconds 
In symbols, M=exixt 


where M = mass, i = current, t = time in seconds, e = a constant 
called the electrochemical equivalent of the substance (i.e. the number of 
grams of substance deposited by the passage of 1 coulomb), e.g. the 
е.с.е. of silver is 0-001118, while that of hydrogen is 0:00001044, 

2. When the same current is passed through a series of electrolytes 
for a definite time, the weights of substances liberated at the electrodes 
are in the ratio of their chemical equivalent weights (see 15.1). 


Wt of substance A liberated _ E.Wt of A 
Wt of substance B liberated E.Wt of B 


96,540 coulombs (1 faraday) of electricity will liberate the equivalent 
weight in grams of any element. If the weight of an element liberated 
by a known quantity of electricity is measured in a voltameter, the 
weight which would be liberated by 96,540 coulombs can be calculated. 
Hence, chemical equivalents can be determined by use of the second 


law of electrolysis. 
Example: What weight of silver is deposited from a solution of silver 
nitrate by a current of 0:075 amp. flowing for 17 minutes? Given also 
that the equivalent weights of copper and silver are 31-75 and 107-88 
respectively, what weight of copper is deposited by the same quantity 
of electricity? 

e.c.e. of silver — 0:001118 


Wt of silver = 0-001118 х 0:075 x 17 x 60 = 0-0856 g 
Wt of copper deposited _ 31:75 


Also 


0-0856 107-88 
Р 0:0856 x 31:75 
Wt of copper deposited — нов = 0-0252 g 
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3.3 SELECTIVE DISCHARGE 


At the cathode there is usually a transfer of electrons to a cation to 
give a neutral atom, i.e. the cathodic process is reduction (see 4.1) since 
electrons are added to the ion, for example: 


Nat + 1 electron > Na 


The electrochemical series (see 5.1) lists the metals in decreasing 
order of their reducing power, i.e. in decreasing order of their ability 
to form cations. This is clearly the order of increasing ease of discharge 
of the ions. 

If only one cation is present in the vicinity of the cathode it will be 
discharged but, if two or more cations are present, one will be dis- 
charged more easily than the others. This is called selective discharge. If 
a solution containing Nat, Н+ and Си++ ions is electrolysed, the Cu** 
ions will normally be discharged first at the cathode since they are the 
most readily reduced back to atoms. Once all the Cu** ions have been 
discharged, H+ ions will be discharged and then Na+ ion. 

At the anode there is a loss of electrons by an anion to give a neutral 
atom or radical. The anodic process is therefore an oxidation (see 4.1) 
since electrons are removed from an ion, for example: 


Cl- — 1 electron + СІ 


If two or more anions are present in the vicinity of the anode, one 
will be selectively discharged. For example, if sulphate and hydroxide 
ions are present, the hydroxide ions will be discharged first. 

There are sometimes cases when the simple idea of selective dis- 
charge does not work. At the cathode, if a cation A is in much higher 
concentration than another cation B, then A may be discharged in 
preference to B even though the order in the series would predict 
otherwise. 

In some cases an ion is not discharged as easily as its order in the 
series would predict, e.g. the discharge of H* ions at a mercury cathode. 
This is called the overvoltage effect. At the anode, there are three 
possibilities: 


(a) Straightforward discharge of an anion. 


(6) In high concentration an anion B may be discharged in preference 
to another anion A, even though the position in the series predicts 
otherwise; there can also be an overvoltage effect, e.g. OH- ions at a 
lead anode. 
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Table 3.1 


The selective discharge of ions 
K+ 
Nat 
Catt 
Mg increasing ease of discharge at the cathode, i.e. increas- 
Al ing ease of reduction to atoms 


Agt increasing ease of discharge at the anode, i.e. increasing 
Cl- ease of oxidation to atom or radical 


(c) It may be easier for the electrode material to ionize. Thus, using 
a copper anode, the process 


Cu — ге > Си++ 


will take place provided it is easier for it to do so than the normal 
discharge of an anion. 


34 EXAMPLES OF ELECTROLYSIS 
(а) Molten sodium chloride, carbon electrodes 


Na CI 


ee And 
Cathode аад АНЫ ms 


Nat 4+ е Ма CI--CI +e 


Industrially, this is used in the Downs cell for the manufacture of 
Sodium. The electrolyte is sodium chloride plus about 60 per cent 
calcium chloride (to lower the melting point) at 580°C. 
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Electrolysis of fused lead bromide 


Place a small quantity of the salt in an evaporating basin or a boiling 
tube and warm it gently until it melts (380°C). Place iron and graphite 
electrodes in the melt and adjust the variable resistance (fig. 3.5) until a 


12 volts 


+- č +- 


Variable 


resistance Ammeter 


—Molten lead 
bromide 


current of about 3 amp. is flowing. Notice that, after a time, bromine is 
evolved at the positive electrode while lead is deposited on the negative 
опе, The lead bromide deposited on the lead сап be removed and the 
metal shown to mark paper. 


(b) Other important examples of electrolysis of molten 
salts 


Electrolysis of molten magnesium chloride is used to manufacture mag- 
nesium, molten calcium chloride (plus a little calcium fluoride) to 
manufacture calcium, and pure aluminium oxide dissolved in molten 
Cryolite Na3AlF, to manufacture aluminium. Here, aluminium is de- 
posited on the cathode and oxygen is evolved at the anode. One ex- 
planation is that (a) aluminium is deposited on the cathode and (b) 
fluorine is released at the anode and then displaces oxygen from Al,03 
to give AIF3. Alternatively, aluminium oxide can be regarded as (at 
least partly) ionic (Al***),(O--);—aluminium ions are deposited on 
the cathode and oxygen is released at the anode. 
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(c) Dilute sulphuric acid (platinum electrodes) 


Result. Hydrogen bubbles off from the cathode and oxygen from the 
anode. There are 2 volumes of hydrogen for every one of oxygen and 
the concentration of the acid increases slowly. 


Н,80; 
+ 
Cathode «———— { T E ar ) —> Anode 
4H* + 4e > 4[H] 1, OH- selectively 
4[H] > 2H; H;O discharged 


4OH- — 4e — 4[OH] 
4[OH] > 2H;0 + О, 


No sulphate ions are discharged and the amount of sulphuric acid 
remains constant. Because water is removed by electrolysis, the con- 
centration of the acid increases. Consider the quantity of electricity 
needed to liberate equal volumes of hydrogen and oxygen. One volume 
of hydrogen is liberated by 2 electrons while 1 volume of oxygen is 
liberated by 4 electrons, ie. it requires twice as many electrons to 
liberate one volume of oxygen as to liberate 1 volume of hydrogen. 
When a constant current is passed, therefore, the volume of hydrogen 
to oxygen is 2:1. 


Reservoir 


Oxygen 


Hydrogen 
Dilute sulphuric 
acid 


Platinum cathode Platinum anode 


Battery Rheostat 


iii - Ow j 


Ammeter 


О Switch 


Fic. 3.6 


The electrolysis is conveniently carried out in a Hofmann's volt- 
ameter (fig. 3.6). 
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(d) Cupric sulphate solution (platinum electrodes) 


Result. Copper deposited on the cathode and oxygen bubbles off at the 
anode. The electrolyte slowly loses its blue colour and is converted to 
sulphuric acid. 


CuSO, 
+ 
Cathode «———— { g deco } —— Anode 
Си++ discharged 1 OH- discharged 
2Cut+ + 4e > 2Cu H;O 4OH- — 4e — 4[OH] 


4[OH] > 26,0 + О, 


Since Си++ ions are discharged, but not 507 ions, the electrolyte 
loses its blue colour (due to cupric ions linked to water molecules) and 
sulphuric acid is formed. 


(e) Cupric sulphate solution (copper electrodes) 


Result. Copper deposited on the cathode and copper dissolved from 
the anode. 


CuSO, 
+ 
Си++ + 8О2- 
Cathode «———— | Н+ 4 OH- —— — —- Anode 
Си++ + 2e + Cu 4 The easiest process is 


Copper deposited H20 Cu > Cut+ + 2e 
(see 3.3), i.e. neither 
OH- nor S0; - аге 
discharged. 
Copper dissolved 


The number of Cu** ions formed at the anode is equal to the num- 
ber discharged at the cathode and the concentration of the electrolyte 
therefore remains constant. The process has several industrial uses, e.g. 
the refining of impure copper (the impure metal is made the anode 
while pure copper constitutes the cathode), and copper plating (the 
article to be plated is made the cathode and the anode is a copper block). 


(f) Sodium sulphate solution (platinum electrodes) 


Result. Hydrogen bubbles off at the cathode and oxygen at the anode. 
Sulphuric acid forms near the anode and sodium hydroxide near the 
cathode. 
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Na,SO, 
эм | SO; 
а” + 50. 
Cathode —Ó ME е Аподе 
4H* + 4e — [H] H n pn 4OH"- 4e — 4 [OH] 
4[H]= 2H; но 4[OH] -= 2H,0 + о, 


In the region of the anode, sulphate ions are present. The removal of 
hydroxide ions upsets the equilibrium of the water molecules with 
hydrogen and hydroxide ions and this causes more water molecules to 
ionize, an excess of hydrogen ions building up near the anode (see 3.1). 
Hence, sulphuric acid is present near the anode. 

Ina similar manner, sodium ions are present near the cathode. The 
discharge of hydrogen ions causes the hydroxide ion concentration to 
increase, showing that sodium hydroxide is present. 

The electrolysis can be carried out in the apparatus shown in fig. 3.7. 


Oxygen ^h b Hydrogen 


Sodium sulphate solution 
+ litmus 


Red -- Litmus Litmus = Blue 


2 


Fic. 3.7 


=> 
+ 


(g) Sodium chloride solution (brine) 


1. If dilute brine is electroylsed with platinum electrodes, hydrogen is 


liberated at the cathode and oxygen at the anode as in example (7). 
2. If concentrated brine is electrolysed under the correct conditions, 


the following chemicals can be obtained: sodium hydroxide, chlorine, 


hydrogen, sodium hypochlorite, sodium chlorate. | 
One way in which the first three of these chemicals can be made is 


by the Castner-Kellner cell (flowing mercury cathode cell). 
The anode is of carbon and the cathode is a stream of mercury flow- 


ing along the slightly sloping floor. А 
At the anode, chloride ions are discharged in preference to hydroxyl 
ions since the former are in much higher concentration. 


Clr > СІ + е, 2C1 > Cl, 
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Chlorine Carbon anodes 


Spent 


brine out — c Mercury in 


a n ==‏ جج 


222200 


Archimedian screw 
elevator for mercury 


Sodium hydroxide 
solution 


At the cathode, sodium ions are discharged in preference to hydrogen 
ions since there is a high overvoltage of hydrogen at a mercury cathode. 
The sodium dissolves in the mercury to give sodium amalgam which is 
led out of the cell, i.e. there is no possibility that the chlorine and 
sodium hydroxide will interact, and taken to another cell which contains 
water and auxiliary iron cathodes. Under these conditions the amalgam 
forms sodium hydroxide and hydrogen, the mercury liberated being 
recirculated to the main cell. 


2Na/Hg + 2H;0 > 2NaOH + Hat 


sodium amalgam 
(representation only) 


3. If concentrated brine is electrolysed at 0°C and the contents of the 
cell are stirred, sodium hypochlorite and sodium chloride are formed. 
They can be separated by fractional crystallization. 


20H- + Cl; > OCI- + СР + HO (1) 
hypochlorite chloride 
ion ion 


(or 2МаОН + Cl; + NaOCl + NaCl + H20) 


If concentrated brine at 70°C is electrolysed and the contents of the 
cell are stirred, sodium chlorate and sodium chloride are formed. They 
can be separated by fractional crystallization. 
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The reaction is essentially an oxidation-reduction between hypo- 
chlorite ions initially formed. 


OCI- + 20CI- + CIO; + 2CI- Q 
chlorate chloride 
ion ion 


(or NaOCl + 2NaOCI — NaClO, 2NaCl) 


If equation (2) is added to three times (1), the sodium hypochlorite 
is eliminated giving 


6OH- + 3Cl; +> CIO; + 5CI- + 3H20 
(or 6NaOH + 3Cl > NaClO; + 5NaCI + 3H20) 


To + броје 


Chlorine +— — Brine 


— Hydrogen 


To -** pole 


Asbestos 
Perforated diaphragm 


steel cathode 


Steel tank 


S 


. Another type of cell is the diaphragm cell (fig. 3.9). The solution 
in the anode compartment contains Ма“ and СТ ions, together with 


H* and OH- ions from water. On electrolysis: 


E _ 2 
Н+ discharged — H3 


нш “== (collected) Ма“ ion сопс" 
| increases in region of cathode, 
Ch liberation of Н* ions causes an 
(collected) increase in the conc" of OH- 
ions 
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The accumulation of Na+ and OH- ions round the cathode means that 
the solution which trickles through the diaphragm and cathode is, in 
effect, sodium hydroxide solution. 


3.5 QUESTIONS 


1. 
2. 


4. 


6. 
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Work out the products of electrolysis of separate solutions of silver 
nitrate (Ag*NO;) and concentrated hydrochloric acid (Н+СІ-), 

What volume of hydrogen would be evolved at N.T.P. by the 
electrolysis of dilute sulphuric acid (platinum electrodes), if the 
current is 2 amps for 1 hour? [835 cm?] 


- What weight of chlorine is produced per hour in a Castner-Kellner 


cell which uses a current of 10,000 amps? [13-245 kg] 
What total volume of 'electrolytic gas' would be liberated at N.T.P. 
from dilute sulphuric acid by a current which, flowing for the same 
time, deposits 0:315 g of copper from cupric sulphate solution? 
[168 cm?] 


. An electric current is passed through two voltameters in series con- 


taining respectively, cupric sulphate solution and water acidified 
with sulphuric acid. After the current had passed for a certain time, 
0:124 g of copper had been deposited on the cathode and 47.0 cm? 
of hydrogen, measured at 15°С and 740 mm, had been liberated. 
Deduce the gram equivalent weight of copper. [31:8] 
An electric current is passed through two voltameters in series. One 
has silver electrodes and contains silver nitrate solution whilst the 
other has platinum electrodes and contains dilute sulphuric acid. If 
4:32 g of silver are found to be deposited in the first, what volume of 
hydrogen (at 72 cm and 27°C) is produced in the second? 


[522 cm?] 


4 Redox 


4.1 MEANING OF OXIDATION AND REDUCTION 


Oxidation is defined as the addition of oxygen atoms to an element or 
compound, removal of hydrogen atoms from a compound, increasing 
the electronegative part of a compound (or decreasing the electro- 
Positive part), or removal of electrons from an atom or ion. A substance 
capable of causing another substance to be oxidized is called an 
oxidizing agent. 

Reduction is the opposite. It is defined as the removal of oxygen 
atoms from, or addition of hydrogen atoms to, a substance, increasing 
the electropositive part of a compound (or decreasing the electro- 
Negative part), or addition of electrons to an atom or ion. A substance 
capable of causing another substance to be reduced is called a reducing 
agent. 

The definitions of oxidation or reduction often overlap, e.g. it is 
Possible that addition of oxygen to a substance also involves the re- 
moval of electrons from an atom or ion. 


4.2 EXAMPLES OF OXIDATION AND REDUCTION 


(а) When an atom of a metal loses electrons, the process is an oxida- 
tion because electrons are given up in the formation of a cation, for 
example: 

Na + Na* +e (е = electron) 


(b) If electrons are added to a positive ion to give a neutral atom, the 
Process is a reduction since electrons are added, for example: 
Nat + e > Na 


This type of change occurs at the cathode in electrolysis. Е 
(с) If electrons аге added to an atom in the formation of an anion, 
the process is a reduction since electrons are added, for example: 


GF e> Ol 
(d) If electrons are removed from a negative ion forming a neutral 
atom, the process is an oxidation since electrons are removed, for 


example: 
Cl — е СІ 


This type of process occurs at the anode during electrolysis. 
71 


Concise Certificate Chemistry 


(e) Consider the reaction between ferric chloride and stannous 
chloride to give ferrous chloride and stannic chloride. 


2FeCl; + SnCl; — 2FeCl; + SnCly 
2Ее+++ + Sn** — 2Fe** + Sn *** 


Each stannous ion has lost two electrons and has therefore been 
oxidized. Each ferric ion has gained one electron and has therefore 
been reduced. 

In every reaction of this sort which involves an oxidation, there must 
be a corresponding reduction. Oxidation and reduction are complement- 
ary and the one process cannot take place without the other. The system 
as a whole is referred to as a Redox Reaction. 

(f) Consider the reaction between potassium iodide solution and 
chlorine to give potassium chloride solution and iodine. 


2KI + Cl; > 2KC1+ I; 
2I + Cl; + 2C1” + І, 


Each iodide ion has lost an electron and has therefore been oxidized 
(the iodine atoms formed unite to give iodine molecules). Each chlorine 
atom (from a chlorine molecule) has gained an electron and has there- 
fore been reduced. 

(2) In the reaction between hot cupric oxide and hydrogen to give 
Copper and water, the cupric oxide is reduced to Copper since it has 
lost an oxygen atom, while the hydrogen has been oxidized since it has 
gained an oxygen atom. The reaction amounts to a competition between 
& copper atom and a hydrogen molecule for an oxygen atom. 


CuO + Н, > Cu + HO 


(A) In the reaction between hydrogen peroxide and acidified potas- 
sium iodide, iodide ions are oxidized to iodine while hydrogen peroxide 
is reduced to water. 


2KI + H202 + 2HCI > 2KCI + 26,0 + I, 
2I + H202 + 2H* + 26,0 + I, 


(i) In the reaction between potassium permanganate and ferrous 
sulphate in acid solution, permanganate ions are reduced to manganous 
ions (electrons are added to what is effectively a manganese atom having 
a valency of 7 to give a manganese atom with a valency of 2) while 
ferrous ions are oxidized to ferric ions. 

2KMnO, + 8H;SO, + I0FeSO, > K,SO, + 2MnSO, + 8H,O 


+ 5Fe2(SOx)3 
MnO; + 8H* + 5Fe** > Mn++ + 46,0 + Skeet 


<= total of 17 electrons involved + < total of 17 electrons involved — 
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(j) In the reaction between zinc and dilute sulphuric acid, zinc is 
oxidized to zinc ions while hydrogen ions (from the acid) are reduced 
to hydrogen atoms (which then unite to give molecules). 


Zn + #50, > ZnSO, + Hat 
Zn + 2H* > Zn** + Hot 


43 OXIDIZING AND REDUCING EQUATIONS 


It is possible to build up redox equations from simpler equations which 
show the way or ways in which a substance can act as an oxidizing or 
reducing agent. In some cases, oxidizing equations are written in terms 
of oxygen or hydrogen provided for oxidation or reduction, written 
[О] and [Н]. In other cases it is more convenient to write the equations 
in terms of electron transfer. In most cases, the equations can be 
written in both ways. 


Examples (oxidizing equations) 

1. Oxygen, O; — 2[О] 

Ozone, Оз + О; + [O] 

. Hydrogen peroxide, HO» — H20 + [О] 

. Hot concentrated sulphuric acid, H?SO4 > H20 + SO; + [0] 
Concentrated nitric acid, 2HNO3 — HO + 2NO; + [O] 

. Manganese dioxide, MnO2 > MnO + [О] 

. Chlorine water, Cl; + Н.О > НСІ + НОСІ 


Y 
HCI 4- [О] 


8. Potassium permanganate in acid solution, 
2KMnO, + 48,50, = 2KHSO, + 2Mn$O, + 3H;0 + 5[0] 


9. Potassium dichromate in acid solution, 
K2Cr207 + 5H2SO4 -> 2KHSO, + Сг2(50,)з + 4H20 + 3[0] 


ERI YA 


Many of the above equations can be expressed conveniently in terms 
of electron transfer. 


3. Assuming that acid is present, Н.О: + 2H* + 2e > 2H20 
4. Н,50, + 2H* + 2e > 2H20 + 50; 
5. 2HNO, + 2H* + 2e > 2H20 + 2NO; 
6. Assuming that acid is present, 

MnO, + 4H* + 2e ^ Mn** + 2H20 
. MnO; + 8H* + 5e > Mn** + 4H20 
. Ст.05- + 14H* + бе = 2Cr*** + 7H20 


Mo со 
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It should be noticed that chlorine acts as an oxidizing agent by 
taking hydrogen atoms from substances. 
Cl; + 2[H] > 2HCI 
Sulphur dioxide, although normally a reducing agent, can also act 
as an oxidizing agent. 
SO; — S + 2[0] 


Examples (reducing equations) 

. Hydrogen, H2 + [0] + H;O 

. Carbon monoxide, CO + [0] + СО, 

Carbon, С + [0] > CO 

Hydrogen sulphide, HS + [0] > HO + S 

Sulphur dioxide, SO; + [O] + HO > H,SO, 
Hydrogen iodide, 2HI + [O] > HO + I; 

. Acidified ferrous sulphate, 

2FeSO, + H2SO, + [O] + Fe;(SO;); + HO 
. Oxalic acid, (СООН), + [O] > 2CO; + HO 


Some of the above reactions can be represented conveniently in 
terms of electron transfer, 


5. 2H20 + SO; — 2e + Н,50, + 2H* 
7. Fett — e > Fet++ 


о лтивози 


Notice that some reducing equations can be written in terms of the 
donation of hydrogen atoms, instead of the removal of oxygen atoms, 
e.g. 


1. Hydrogen, H; — 2[H] 
4. Hydrogen sulphide, HS > 2[H] + S 
5. Hydrogen iodide, 2HI > 2[H] + I; 


44 CONSTRUCTION OF REDOX EQUATIONS 


Oxygen for oxidation, hydrogen for reduction, or electrons must not 
appear in the final equation. 


Examples 
1. Manganese dioxide with hot concentrated hydrochloric acid 


MnO, = MnO + [0] 
2HCI + [O] + H20 + Cl, 
alo MnO + 2HCl > MnCl, + HO 


MnO; + 4НС1 > MnCl, + 2H20 + Cl; 
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Alternatively 


MnO, + 4H* + 2e > Mn** + 2H0 
2Cl- — ге > Cl; 


MnO, + 4H* + 2CI- +> Мп++ + 2H20 + Cl; 


2. Copper and concentrated nitric acid 


2HNO; > H20 + 2NO; + [0] 
Cu + [O] > CuO 
CuO + 2HNO; +> Cu(NO3); + HO 


Cu + 4HNO; + Cu(NO3); + 2H20 + 2NO; 


Alternatively 


2HNO; + 2H* + 2e > 2NO; + 2H20 
Cu — 2e > Си++ 


Cu + 2HNO; + 2H* > 2NO; + 2H;0 + Cu** 
(or Cu--4H* + 2NO; > 2NO; + 2H20 + Cut?) 


3. The reaction between acidified potassium iodide and hydrogen 
peroxide 


H202 > H20 + [0] 
2HI + [O] > H20 + Iz (М.В. 2KI + 804 > K250; + 281) 


2HI + H;0; + 2H20 + Iz 


Alternatively H202 + 29+ + 2e > 2H20 
21 — ге > Iz 


H20: + 2H* + 2I- > 2H20 + Iz 
a SS = кс 


4. The reaction between ferric ions and stannous ions in aqueous 


solution 
2Fet++ + 2e — 2Ее++ 
Sn** — 2e > 5п++++ 


2Ее+++ + Ѕп++ — 2Fe** + Ѕп++++ 
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5. The reaction between zinc and cupric ions in aqueous solution 


Zn — 2e > 2п++ 
Си++ + ге > Cu 


Zn + Cu** — Zn** + Cu 


6. The reaction between acidified potassium permanganate and ferrous 
sulphate 


MnO; + 8H* + 5e +> Mn++ + 4H,0 
5Ее++ — Se ¬+ 5Fet** 


MnO; + 8H* + 5Ее++ > Mn++ + 4H20 + 5Fe*** 


4.5 OXIDATION STATE 


The oxidation state of an element in a compound is defined as the 
number of electrons lost or gained relative to the elemental state. Thus 
in chlorine Cl;, the chlorine atom is in the zero oxidation state, in 
chloride ion CI- it is in the —1 state since the atom has gained one 
electron, while in hypochlorous acid H*OCI- the chlorine must be in 
the +1 oxidation state in order that the net charge on the hypo- 
chlorite ion is a single negative (consider this ion as ОС), The 
importance of knowing the oxidation state is evident when we consider 
two compounds such as potassium ferrocyanide K,Fe(CN)g and 
potassium ferricyanide K;Fe(CN)s. Both compounds give an anion in 
which the iron atom is surrounded by six cyanide ions, but the oxidation 
states of the iron are +2 and +3 respectively. We can write them 
(K*),[Fe" (CN)s] and (K*);[Fe" (CN),]. 


4.6 QUESTIONS 


1. Describe any five typical redox reactions, pointing out which is the 
oxidizing agent and which is the reducing agent in each case. 

2. Describe one reaction of each of the following substances showing 
how it can behave as a reducing agent: ammonia, hydrogen, hydro- 
gen sulphide, hydrogen chloride, sulphur dioxide. 
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5 The Electrochemical Series 


You will no doubt realize that the elements differ in how ‘grasping’ 
they are, i.e. the way in which they compete for one another. Thus, the 
metals iron, magnesium, lead, zinc, sodium, calcium, mercury, and 
copper might be heated in air and then arranged in order of their 
affinity for oxygen as judged by the vigour with which they burn or are 
oxidized in the air. Also, a ‘vigorous’ metal can rob a less vigorous one 
of its oxygen (e.g. if copper oxide is heated with magnesium powder, 
magnesium oxide is formed and when ferric oxide is heated with 
aluminium powder, iron is formed—thermite process). It is also 
Possible to place carbon in the list of order of affinity for oxygen. A 
Similar picture is true for the reactions between metals and sulphur. 

This difference of reactivity of the metals, not only with oxygen, 
but also with water, acids, etc, is the subject of this chapter. 


5.1 THE SERIES 


The elements are arranged in decreasing order of their chemical 
reactivity, the series being of greatest value for metallic elements. 

It is really a redox series which places the metals in decreasing order 
of their reducing power, i.e. the ones near the top are readily oxidized 
to their ions while those at the bottom are not so readily oxidized. In a 
more advanced textbook, you will learn that the metals are listed in 
decreasing order of their *electrode potentials" (hence the name electro- 
Chemical series). For the moment you can think of an electrode 
Potential as something which measures the tendency of an element to 


be oxidized or reduced. 

Table 5.1 
Metal Redox process 
Potassium K=Kt + ё 
Sodium Na = Nat + е 

*Calcium Са = Cat* + 2e 

Magnesium Mg = Mg** + 2e 
Aluminium Al = AI*** + Зе 
Zinc Zn = Zn** + 2e 


otential, calcium lies above sodium, but from the 


* 
According to the redox P' 
Doint of view of reactivity it is better to reverse the order. 
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Metal Redox process 
Tron Fe = Fett + 2e 
Tin Sn = Sn** + 2e 
Lead Pb = РЬ++ + 2e 
*Hydrogen H=Ht+e 
Copper Cu = Си++ + 2e 
Mercury Hg = Hgt** + 2e 
Silver Ag = Agt +e 


* Hydrogen is not a metal, but provides a convenient boundary in the series. 


The electropositivity (2.11) decreases in passing down the series. 
The series helps to bring order to the properties of the metals. 


5.2 OCCURRENCE OF METALS 


In general, the most electropositive metals combine with the most 
electronegative elements in minerals. Thus, sodium is combined with 
chlorine in sodium chloride, aluminium is combined with oxygen in 
aluminium oxide, while zinc, lead, copper, mercury and silver are 
combined with sulphur in sulphide minerals. 


5.3 EXTRACTION OF METALS 


In order to extract a metal from its mineral, a reduction process is 
needed since the electronegative part of the mineral must be decreased. 
The metals from potassium to aluminium are normally extracted by 
electrolytic reduction of the metal ion, for example 


Nat + le + Na 


Compared with the countries using ‘white power’ from snow — dam —> 
power station, electricity is a last resort in Great Britain, e.g. the 
manufacturers of magnesium can barely compete with the continental 
manufacturers in this field. 

Zinc can be obtained by electrolytic reduction of the zinc ion in 
zinc sulphate solution, although it is also obtained by reduction of 
the oxide (obtained from the sulphide ore) with hot carbon. The 
zinc and carbon compete for oxygen and carbon wins, leaving zinc as 
the metal. 
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2ZnS + 302 > 2ZnO + 250; 
ZnO + C > Zn + CO 
The metals from zinc to lead are obtained by conversion of the 
mineral in the ore to an oxide followed by reduction with hot carbon 


or carbon monoxide. Thus, iron is obtained in the blast furnace where 
the main reaction is 


Fe,03 + ЗСО = 2Fe + ЗСО: 


Mercury is obtained merely by roasting the sulphide ore in air, 
since mercuric oxide is unstable when heated. 
2HgS + 30; + 2HgO + 280; 
2HgO > 2Hg + O2 


Metals right at the bottom of the series (silver, gold) are so unre- 
active that they occur as the metal in an uncombined state. 


Extraction of metals using electrolytic cells 


Downs cell Magnesium cell 


Molten sodium Re Graphite anode 


chloride 


Chlorine 
Coal gas-4— -— Coal gas 


a ST (i 
calcium (inert atmosphere) 


chloride Iron cell cathode 


Es eos 44 Molten 
magnesium 


Semi-circular 


:steel cathode Steel container 


d “Molten magnesium chloride 
Graphite Steel gauze . 
anode cylinder 
Calcium cell Aluminium cell 
Water cooled E: 
steel cathode СЕЎ , Graphite anode 
Calcium pec 


Graphite cell 
lining 


Aluminium 


£ Molten calcium chloride 
+ 


Metal tapped off 
calcium fluoride x 


Ег. 5.1 
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The Electrochemical Series 
Extraction of zine 


Briquettes of Carbon 


zinc oxide 1 
andicoke monoxide 


Zine 
tapped off 
— 
—= 
Producer 


Retort with 
carborundum 
walls 


gas furnace 


-= 
Any 
residue === 


(a) Vertical retort 


N.B.: The briquettes have just (additional cost) to be prepared for use 
in the vertical retort; the charge must be sufficiently strong mechani- 
cally to avoid choking of the base with ‘fines’. 


Hopper for filling 
(zinc oxide + coke) 


Gases 
— 


Lead and zinc Lead and 
to separation zinc 
Hot air . Hot air 


Tuyére 

(b) Blast furnace 
he temperature of the furnace and leaves with the 
concentration of zinc in the gases is so low, 
it is condensed out with molten lead, sprayed up with rotors. On 
cooling, the molten mixture of zinc and lead releases zinc which 
floats on the surface. The process can be worked, for lead as well as 
zinc (ZnS and PbS often cccur together) 


Ес. 5.2 


Zinc is volatile at t 
furnace gases. Since the 
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The iron blast furnace 


Hopper for filling 
(Ре; Ој or Ре;О,, coke, limestone) 


со,.со 


— Hot gases 


Dust 
catcher 


Ре;о, + 4ccre F со Steel tower 


lined with 


FeO; + 3C Z2Fe + ЗСО 
100ft 


FeO, + 4CO == 3Fe + 4CO; 


Dos 3CO == 2Fe + 3CO, 
CO,--C—2CO 


C4-0,—-CO; Hot air Cowper Cold 


peces шол ع‎ dir: 


54 REACTION OF THE METALS WITH WATER 


The ability of the metals to reduce water to hydrogen decreases in 
passing down the series. 


Table 5.3 
Metal Reaction 


K Vigorous reaction with cold water, hydrogen evolved being 
ignited (lilac flame) by the heat of reaction 


yl ey 
2K + 2H20 + 2K* + 20H- + Hat 
potassium 
hydroxide 
Na Vigorous reaction with cold water; if the motion of the 
metal on the surface of the water is restricted, the hydrogen 
ignites (yellow flame) 
а, 
2Na + 2H20 — 2Na* + 20H- + H5? 


sodium hydroxide 
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Ca Fairly vigorous reaction with cold water but the hydrogen 
does not ignite 
(a a 
Ca + 2H20 + Ca** + 20H- + Hot 


calcium 
hydroxide 


Mg (а) Reacts very slowly with cold water to give hydrogen 
Mg + HO > MgO + Hot 


magnesium 
oxide 
(b) Reacts more vigorously with warm water 


(c) It burns in steam 


Hydrogen 
ignites 


Hydrogen 


Cold water 


Funnel Magnesium 
É turnings Heat 
(a) Reaction of Mg with cold water (b) Burning of Mg in steam 
Fic. 5.4 
Al No reaction with cold water (although iron rusts in the 
Zn presence of air) or warm water, but the hot metals react 
Fe with steam to some extent 


Action of steam on red-hot iron 


«- Iron tube Red- hot iron 
nails 


Furnace 


Fic. 5.5 
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2Al + 3H20 — Al,03 + ЗН, 
Zn + H20 + ZnO + Н, 
3Fe + 46,0 = Еез0, + 4H; 


Sn No reaction with water, even when the metal is hot and 
Pb steam is used. Lead, however, is attacked by water contain- 
Cu ing carbonic acid (e.g. soft moorland water) but it is not 
Hg attacked by hard water or water in the absence of air 

Ag 


5.5 DISPLACEMENT OF METALS FROM SOLUTION 


A metal high in the series will displace any lower metal from a solution 
of any salt of the lower metal. 

These displacements are really reduction reactions of metal ions to 
metal atoms. Thus, zinc is a better reducing agent than copper and will 
therefore reduce cupric ions (in, say, cupric sulphate solution) to 
copper. 

Zn + Cutt + Zn** + Cu} 


5.6 REACTION OF THE METALS WITH 
DILUTE MINERAL ACIDS 


All metals above hydrogen in the series reduce hydrogen ions in dilute 
hydrochloric or sulphuric acid to give hydrogen, the ease decreasing in 
passing from potassium (violent reaction) to lead (hardly any reaction; 
this is due partly to the fact that lead chloride and sulphate are only 
sparingly soluble in water and therefore coat on the surface of metal, 
Kipp's apparatus preventing much reaction), for ex- 


a ample: 
_ pressure Mg + 2H* > Mgt+ + Hot 
| 2Al + 6H* — 2Аї+++ + ЗНА 


Zinc and dilute sulphuric acid are 


Dilute _ Tap normally used in the laboratory pre- 
See paration of hydrogen since the metal 


Commercial is fairly cheap and hydrogen is pro- 

zinc rods duced at a reasonable rate. The 
reaction is done in a Kipp’s appara- 
tus. 


Fic. 5.6 Zn + 2H* > Zn** + НА 


Stopper . 
ЖЫН cleaning 
out apparatus) 
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(When the tap is turned on the air pressure forces acid into chamber 
B from chamber A via chamber C. When the tap is turned off, the 


pressure of gas in B forces acid back into A again.) 

Metals below hydrogen in the series have no reaction with dilute 
hydrochloric or sulphuric acids. 

Dilute nitric acid reacts with all the metals given in the series (but 
not with gold) to give nitrates, but no hydrogen is formed; nitric acid 
is a much more vigorous oxidizing agent than the other two acids 
mentioned, for example: 


еа к= چ‎ 
10H* + 10NO; + Зе + 3H20 + NH; + NO; + 8NO; 
4Zn — 4Zn** + 8e 


prem C P mI em A AIDE TEENS 
4Zn + ÍOH* + 10NO; > 4Zn** + 8NO; + NH? + NO; + 3H20 


For example: 


—Á X 
8H* + SNO; + бе + 2NO + 4H20 + 6NO; 
3Cu — 3Cu** 4- 6e 


ge ERU 
3Cu + 8H+ + 88O; — 3Cu** + 6NO; + 4H50 + 2NOf 


5.7 REACTION OF THE METALS WITH AIR 
(OR OXYGEN) 


The reaction of a met 
Which the metal is oxi 
Compounds, however, 
in the bonding owing to th 


ion. 1 LN 
In table 5.4, oxides with exceptionally high percentages of ionic 


bonding have been written with an ionic formula. Others have been 
written with the older conventional type of formula; either method 
may be adopted (from their known crystal structures) to write the 


formulae of many of them, for example 
Pb*O™; CuttO™, (Cu 2077 


al with oxygen depends upon the readiness with 
dized to its ion. Not all metallic oxides are ionic 
since some measure of covalency may be present 
e influence of the metal ion on the oxide 


(Анн) (O23, m 
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Table 5.4 
Metal 
K 


Ca 


Mg 


Zn 


Fe 


Sn 


Pb 


Cu 


88 


Reaction 


Reacts with air or oxygen at normal temperatures, and 
burns when heated, forming a superoxide 
K + О, + КОГ 
Reacts as for potassium, but forms а peroxide 
2Na + О, > (Na*),07- 


Reacts slowly with air or oxygen at normal temperatures, 
forming the oxide. Burns when heated to give the oxide and 
(in air) some nitride 


2Са + О, > 2Са++о-- 
ЗСа + № > (Ca**)3(N---)2 


Burns when heated to give the oxide and (in air) some 
nitride 
2Mg + О; > 2Mg**O-- 
3Mg + Na + (Mg*+)3(N-—)2 


The finely-divided metal burns when heated to give the oxide 
ДА + 30; ¬+ 2А1,0; 
Burns when heated to give the oxide 


2Zn + О, > 2ZnO 
Forms ferroso-ferric oxide when heated, but without 
ignition 
3Fe + 20; > Fe304 
(ог Fe**(FeOz);) 
Forms stannic oxide when heated, but without ignition 
Sn + О, > SnO, 


Forms some lead monoxide (litharge) when heated very 
strongly 
2Pb + О; + 2PbO 


Forms some cupric oxide (and a little cuprous oxide) when 
heated very strongly 


2Cu + О; — 2CuO (cupric oxide) 
4Cu + О; > 2Cu,0 (cuprous oxide) 
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Hg Forms the oxide on heating, but reversibly 
2Hg + О, =2HgO (mercuric oxide) 
Ag Not attacked by oxygen 


5.8 STABILITY OF METALLIC HYDROXIDES 


The stability of metallic hydroxides decreases in passing down the 
series; it is in this order that the stability of the metal ion decreases, 
for example: 


NaOH, KOH melt on heating, but do not decompose 


about 540°C 
Ca(OH); ———> CaO + H20 


(ог Са++(ОН-)› > Са++0-- + H20) 
below 100°C 
Сон), ———> СиО + H20 


(ог Cu*+(OH-)2 = Cu**O77 + H20) 
(Hg and Ag form no hydroxides) 


5.9 STABILITY OF SALTS OF OXYACIDS 
(carbonates, nitrates, sulphates, etc) 


(a) Nitrates 


Sodium and potassium nitrates give the nitrite plus oxygen on heating, 


for example: 
2NaNO; + 2NaNO2 + O2 
(ог 2Na*NO; > 2Na*NOz + 021) 


The nitrates of the metals from calcium to copper decompose into 
the oxide, nitrogen dioxide and oxygen on heating, for example: 


2Pb(NO3)2 = 2PbO + 4NO;1 + Oct 
(or 2Pb**(NO;); > 2Pb**O + 4NO2} + 024) 


The stability of oxysalts decreases in passing down the series; it is 
in this order that the stability of the metal ion decreases. 

The ease of decomposition increases in passing down the series. 

The nitrates of mercury and silver decompose into the metal 
(since the oxides are not thermally stable), nitrogen dioxide and oxygen 
on heating, for example: 

2AgNO; — 2Ag + 2NO2f + о 
(ог 2Ag*NO; = 2Ав + 23021 + 021) 
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Nitrates of 
K Na Ca Mg Al Zn Fe РЬ Си Hg Ag 
give on heating 
с=с uo J 7 
Oxygen + Nitrogen dioxide + oxygen + Nitrogen 
a nitrite a metallic oxide dioxide + 
oxygen + 
metal 


(b) Carbonates 


The carbonates of sodium and potassium melt on heating but without 
decomposition. 

The carbonates of the metals from calcium to copper decompose 
into the oxide and carbon dioxide on heating, the ease increasing in 
passing down the series, for example: 


CaCO; = Сао + CO;1 (at about 800°C) 
(or Ca**CO;- = Cat+O— + СО») 
PbCO; — PbO + CO2+ (at about 350°C) 
(or Pb**CO; - — РЬ++О—— + CO; 
CuCO; — CuO + СО»} (below 100°C) 
(or Cu**CO; - + Си++О—— + CO;f) 


The carbonates of mercury and silver are very easily decomposed 
by heat, giving the metal, carbon dioxide and oxygen (since the oxides 
are unstable to heat), for example: 


2Ag;CO; > 4Ag + 2CO;1 + O24 
(or 2(Ag*);CO; – + 4Ag + 2CO;1 + O21) 


(c) Sulphates 


The sulphates of sodium and potassium melt on heating but without 
decomposition. 

The sulphates of the metals from calcium to copper decompose 
into the oxides and oxides of sulphur on strong heating, the case 
increasing in passing down the series, for example: 


Zn**SO;- +> ZnO + 501 
(Fe***):(SO; 7)» > Fe203 + S0,t 


Ferric sulphate 


2Fe**SO;- > Fe;05 + 501 + SOst 


ferrous sulphate 
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N.B. Sodium and potassium bisulphates have unusual initial de- 
composition products on heating, for example: 
2K*HSO; + (K*)28.07~ + H20 


potassium 
yrosulphate 


Then (К+)5,05 - э (KASO + SOst 

The stability of the oxysalts is governed, to a large extent, by the 
radius of the ions present. Thus, when cupric carbonate (small cation, 
large anion) is heated and loses carbon dioxide to form cupric oxide 
(smaller anion), the increase in electrostatic attraction in passing from 
the carbonate to the oxide is considerable. But in going from, say, 
Potassium carbonate (large cation) to potassium oxide, the gain in 
electrostatic attraction is relatively much less, and decomposition will 
not occur. 


5.10 GENERATION OF AN ELECTRIC CURRENT 
BY CHEMICAL ACTION 


In a Daniell cell, the reaction taking place is: 
Zn + Cu** > Zn** + Cu (energy liberated) 


The zinc ions are more stable than the cupric ions 


Cutt + 2e > Cu 
Zn — 2e + Zn** 


When a cell is formed from two metals, as in the above example, the 
metal higher in the electrochemical series always becomes the negative 
pole since it reduces ions of the lower metal, itself being oxidized with 
the liberation of electrons. 

The Daniell cell is constructed from a zinc rod immersed in dilute 
sulphuric acid (or zinc sulphate solution) in a porous pot connected to 
а copper plate immersed in cupric sulphate solution. The E.M.F. is 


1:08 volts. 3 
In the simple cell, plates of copper and zinc are placed in dilute 


sulphuric acid and connected externally (by wires) to a small lamp, 
which lights up. The reaction taking place is: 


Zn + 2H* + Znt* + H2 (energy liberated) 
electrical energy + heat energy + work 
The zinc ions are more stable than the hydrogen ions 


2H*--2e—2[H]— Н. (at the copper plate) 
Zn — 2e > Zn** (at the zinc plate) 
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Electrons flow from the zinc to the copper through the wires and bulb, 
while the conventional electric current flows in the opposite direction. 

The E.M.F. is about 1 volt, but falls off after the cell has been work- 
ing for some time owing to a layer of hydrogen bubbles which collect 
on the copper plate, preventing hydrogen ions from losing their charge 
and thus setting up a ‘back E.M.F.’. This is termed polarization. The 
hydrogen bubbles can be brushed off the copper plate. Also, a com- 
mercial zinc rod dissolves in dilute sulphuric acid even when the cell is 
not in use (called /ocal action) and this is overcome by amalgamating the 
zinc (rubbing it with mercury). 

An experiment which can be performed to demonstrate the forma- 
tion of simple voltaic cells using metals in the electrochemical series is 
as follows. Seven thin strips of copper are screwed on to one side of a 
wooden block. Opposite each strip of copper is attached a strip of the 
following metals: Mg (use magnesium ribbon wound round a thin strip 
of wood), Al, Zn, Fe, Sn (use tinfoil wound as for magnesium), Pb and 
Cu. All the strips of metal on the one side, and all on the other, are 
connected together and then the apparatus is connected to a sensitive 
voltmeter. If a beaker of dilute sulphuric acid is placed under opposing 
pairs of metals in turn, a different potential difference will be recorded. 
Why? 


Cu Pb Sn Fe Zn Al Mg 


= г 00 


Си Cu Си Си Си Cu Cu 
Fic. 5.7 


5.11 QUESTIONS 


1. Barium comes just below sodium in the reactivity series. Predict its 
reaction (a) on heating in air, (6) with water, (c) with dilute hydro- 
chloric acid. Predict also the thermal stability of its hydroxide, 
carbonate and sulphate. Write equations. 

2. Cadmium comes just below zinc in the reactivity series. It occurs as 
a sulphide mineral. How would you expect the metal to be ex- 
tracted? How would you expect it to react with (a) water, (b) dilute 
sulphuric acid? 
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6.1 PREPARATION OF HYDROGEN 


In many school laboratories hydrogen is bought contained in steel 
cylinders. If a preparation is required, it can be made by reduction of 
hydrogen ions in dilute sulphuric acid by zinc, the reaction being car- 
ried out in a Kipp’s apparatus (fig. 5.6) 


Zn + 2H* > Zn** + Hot 


If pure zinc is used the reaction is very slow but it can be accelerated 
by addition of a few drops of cupric sulphate solution, a layer of copper 
being deposited on the zinc. When zinc and copper touch internally in 
dilute sulphuric acid, a cell called a galvanic (metallic) couple is formed. 
Hydrogen is liberated at the copper surface. 


6.2 OTHER REACTIONS IN WHICH HYDROGEN 
IS FORMED 
(a) Reaction of water on certain metals (5.4). 
(b) Reaction of aluminium, zinc, or tin with sodium hydroxide or 
potassium hydroxide solution. 
Zn + 20H- > ZnOz ~ + Hot 


zincate ion 


2A] + 20H- + 2H;0 +> 2А105 + 3H2t 


(hot, conc.) aluminate ion 
Sn + 20H- + 4H20 — Sn(OH); 7 + 262! 
(hot, conc.) stannate 


Note: Zincate ions can also be represented as Zn(OH)4 7 and aluminate 


ions as Al(OH)4~.” 
(c) By electrolysis (see 3.4). 


63 MANUFACTURE OF HYDROGEN 
(a) From oil 


Methane CH4, which is the *natural раз” of petroleum oilfields, is re- 
acted with steam at 900°С in the presence of a nickel catalyst. 
CH, + HO > СО + 3H; 
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A similar reaction occurs when methane is partially oxidized by oxygen 
in the presence of nickel at 900°C. 


2CH, + О; > 2CO + 4H; 


The mixture of gases is passed with steam over a heated catalyst (nickel, 
450°C) to give hydrogen and carbon dioxide; the latter is dissolved in 
water under pressure, for example: 


rS 
CO + ЗН, + H20 > CO; + 4H; 


(b) From coal (Bosch process) 


Steam is passed over white hot coke to give water-gas (see chap. 10) and 
the hydrogen is obtained as described in (a). 


C+ HO > СО + Н, AH = +32 kilocalories (absorbed) 


water-gas 


Sa, 
H20 + CO + H; > CO; + 2H; 


steam 


64 PHYSICAL PROPERTIES OF HYDROGEN 


It is a colourless, odourless gas, very spar- 
ingly soluble in water, difficult to liquefy and 
solidify. A soap bubble blown with hydro- 

Porous Pot реп rises, showing that hydrogen is lighter 
than air. 

Another way of showing that hydrogen 
is lighter than air is by using gaseous diffu- 
sion (2.22). The apparatus used is shown in 

б fig. 6.1. 

A jet of water is pushed out of the tube 
at A. This is because hydrogen passes into 
the porous pot more rapidly than air inside 
the pot can get out. As a result, there is an 
increase of pressure inside the pot. [If car- 
bon dioxide (heavier than air) is used 
instead of hydrogen, the pressure inside the 
pot is reduced and air is sucked in through 
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6.55 CHEMICAL PROPERTIES OF HYDROGEN 


(a) Reduction of elements by hydrogen 
When a mixture of hydrogen and oxygen is sparked, or when a jet of 
hydrogen is ignited in oxygen (or air), water is formed. 

2H; + О, > 2H20 
Under certain conditions, the mixture of gases will explode when ig- 
nited. If hydrogen is collected in a test-tube, a shrill *pop' is heard when 
the gas is ignited (test for hydrogen); the less air present the more 
muffled the ‘pop’. 


Cold 
water 
in 
Cold 
surface 
Огун; Retort 
— 
Hy Cold water 
^ x out (to sink) 
Hydrogen 
burns at jet 
Drying agent, i Ма 
TA calcium 
ae z E Water collects in 
ў watch glass 
Fic. 6.2 


(N.B. Water can be detected by utilizing its reaction with white 
anhydrous cupric sulphate, which is turned blue.) The best conclusive 
test for water, however, is to boil it, noting the boiling point (100°C at 
normal pressure). з 

Although hydrogen burns, it will not support combustion. Hydrogen 
reacts with most elements to form compounds called hydrides. Thus, 
water is the hydride of oxygen. Examples of other hydrides are: 


heat 
sodium hydride 2Na + Н, —> 2Na*H- 


heat 
calcium hydride Са + Н. —> Ca (Hs 
hydrogen chloride Hz + Cl; > 2HCl 
heat 


hydrogen sulphide Ha + S—> H-S 
^ j ЗН, + № =2NH3 (see 9.5) 


ammonia 
methane C + 2H, > СН, (see 10.4) 
acetylene 2C + Н, > С; (see 10.7) 
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(b) Reduction of compounds by hydrogen 


Hydrogen reduces the basic oxides of metals below zinc in the electro- 
chemical series (see fig. 6.3), for example: 


Без, + 4H; = 3Fe + 4H;O 
PbO + Н, > Pb + HO 
CuO + Н, + Cu + HO 


Hydrogen is used in catalytic hydrogenation of unsaturated organic 
compounds. The ways in which this may be achieved are: 

(a) By passing hydrogen and vapour of the compound over a cata- 
lyst (nickel at about 100?-200*C). 

(6) By passing hydrogen under pressure into a solution of the organic 
compound, using a catalyst as in (a). 

One example is the conversion of naturally occurring oils into more 
useful edible fats. An oil converted into a fat in this way is said to be 
‘hardened’. By using different oils and by controlling the hardening 
process by regulating the extent to which the oils are reduced, it is 
possible to obtain fats which can be used for as many different purposes 
as the naturally occurring fats. Margarine is made by mixing fats and 
oils and hydrogenated oils with milk. Vitamins and colouring matter 
are then added. 

Other examples of catalytic hydrogenation reactions are as follows: 


H;C—CH, + Н, > H4C—CH; 


ethylene ethane 
H н, 

РА " "4 A 
HO CH HC СН, 
| || +39 | | 
нс С 2C CH; 
N 7 EN 
[e] С 
н Ha 
benzene cyclohexane 


Ordinary hydrogen will not reduce well-known salts which are 
oxidizing agents, e.g. ferric chloride, potassium permanganate, potas- 
sium dichromate. If, however, the hydrogen is actually generated within 
the solution (‘nascent’ hydrogen) reduction can take place. Thus, if 
zinc and dilute sulphuric acid are added to a yellow solution of ferric 
chloride, a green solution of the ferrous salt is formed. у 

Reduction by nascent hydrogen is very common in organic chemistry. 
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Oxide in porcelain 


“boat” 
Dry A Excess hydrogen 
hydrogen —> Z^ burns at jet 
| | | Moisture collects 
Heat 
Oxide 

Pure dry 
hydrogen —*- 

Heat 

Fic. 6.3 


For example, methyl cyanide is reduced to ethylamine by nascent 
hydrogen produced when sodium reacts with ethanol. 
2Na + 2C;H40H — 2C;H50- + 2Na* + 2[H] 
sodium ethoxide 
CH;C = N + 4[H] > CH. CH;. NH; 


methyl cyanide ethylamine 


6.6 USES OF HYDROGEN 


(а) Making ammonia by the Haber process (see 9.5). 
(b) Catalytic hydrogenation (see 6.5). 
(c) Oxy-hydrogen welding. 
(d) Rocket fuel (liquid hydrogen). 
„(е) Industrial preparation of hydrogen chloride and hydrochloric 
acid (see 13.4). 
(7) Filling meteorological balloons. 


6.7 ACIDS 

An acid is a compound which produces hydroxonium ions H;0+ 
(hydrated protons, see 2.9) in aqueous solution and which, under suit- 
able conditions, can yield salts by replacement of all or part of its ‘acidic’ 
hydrogen with metallic ions (or ions behaving as such, e.g. NH7). 


H H i 
H+ + ti 0:>H 
"d # 
н н 


(> = co-ordinate or dative covalent linkage) 
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The strength of acids is determined by the relative proportions of 
hydroxonium ions produced in comparable solutions. Concentration is 
the weight of acid in a given volume of solution. For example, hydro- 
chloric acid is a strong acid because it so readily forms hydroxonium 
ions; but it may be either dilute or concentrated as may be desired. 


General properties of acids 


Hydrochloric, sulphuric and nitric acids are obtained from minerals 
and are therefore called mineral acids. 

(a) Sour taste: the sour taste of many foods is due to acids, e.g. 
lemons contain citric acid, grapes contain tartaric acid, vinegar con- 
tains acetic acid. 

(b) They are often corrosive, especially when pure or in concentrated 
solution, e.g. concentrated sulphuric rapidly corrodes paper and skin. 
Some, however, are not at all corrosive, e.g. carbonic acid, citric acid. 

(c) They affect indicators. An indicator is a substance which, by 


Н DP: rien A solution 
changing colour, shows whether it is an acidic or alkaline E 
(see 7.5). 


Table 6.1 
Colour in acid Colour in alkaline 

Indicator media media 

Litmus Red Blue 

Methyl orange Red Yellow 

Methyl red Red Yellow 
Phenolphthalein: Colourless Pink 

(d) Acid + metal — salt + hydrogen] 
(dil. HCI 
dil. H2504) 


i.e. the metal reduces hydrogen ions in the acid to hydrogen atoms and 
is itself oxidized to metal ions, for example: 


Zn + 2H* + Zn** + Ht 
(e) Acid + metal carbonate — salt + water + carbon dioxide] 
For example: 


CaCO; + 2HCI — CaCl, + H20 + CO2 
CO;- + 2H* > H20 + CO; 


Here the weak acid, carbonic acid, is displaced by the stronger one, 
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e.g. hydrochloric acid, and the carbonic acid then decomposes into 
carbon dioxide and water. 


[63] Acid + base — salt + water 


If the base is also an alkali (see 7.9), the reaction is called a neutrali- 
zation, for example: 


[0] CuO + 2H+ > Cutt + HO 
(or Сп++0—-) 


(base, not alkali) 


tempe pase SS کے‎ 
(i) Nat + ОН + Н+ + Cl > Nat + Cl + H20 
sodium, hydroxide AH = — 13:7 kilocalories (neutralization) 


or OH- + Н+ > Н.О AH = —137 kilocalories 


The basicity of an acid is the number of hydrogen ions (which will 
then hydrate to form hydroxonium ions) per ‘molecule’ of the acid. 
Thus hydrochloric acid is monobasic, sulphuric dibasic and phosphoric 
acid tribasic. 

HCl > H+ + Cl- 
H380, > 2H* + 50; - 
HPO, > ЗНУ + PO; 

In many cases, the basicity can be deduced merely by inspection of 

the formula but care should be exercised with organic acids, where not 


all of the hydrogens in the molecule can exist as hydrogen ions, and 
will therefore never be replaced, e.g. acetic acid CHCOOH is mono- 


basic. 
H о 
hey, oe 
H—C—C = CH;COO- + H 


OH 


Hydrogen atoms united directly to a carbon atom do not form 
hydrogen ions. у а 
ater than unity, the hydrogen ions can 


For acids with basicities gre t у о 
be replaced one at a time, thus leading to the formation of acid salts, 


for example: 
sulphuric acid H2504 
x, ~ 
Normal salts Acid salts 


e.g. (Na+)2S07 7 NatHSO; 
99 


Concise Certificate Chemistry 


A normal salt is one formed when all the hydrogen ions of an acid 
have been replaced by metallic ions (or ions behaving as such). 


General ways of making acids 
(a) Action of water on an acidic oxide (acid anhydride), for example: 
SO; + H;0 +> H2SO, 


(6) Combination of hydrogen with a non-metal and passage of the 
resulting compound into water, for example: 
Н, + Cl; > 2НС1 


+ water 


hydrochloric acid 
(c) Displacement from a salt by a less volatile acid, for example: 
маст + H;SO; ==» Na+ + HSO; + HCIf 


(conc.) warm 
Na*NO; + Н,50, —» Nat + HSO; + HNOst 


(conc.) . 


6.8 SALTS 


The meaning of the terms normal salt and acid salt has been given in 6.7. 
There are several other types of salt. 


(a) Basic salts 


It can be imagined that some salts are formed from bases. Thus, lead 
nitrate Pb**(NO;); can be derived from lead hydroxide Pb**(OH-); by 
replacement of two hydroxide ions OH- with nitrate ions NO; . If only 
one ОН” ion is replaced, a basic salt Pb**OH-NO; is formed. This 
can be written as Pb(NO;);.Pb(OH);. Another example is basic 
cupric sulphate xCuSO;.yCu(OH); (where x and y are small whole 


numbers). 


(b) Double salts 

These are formed when solutions containing equi-formula weight 
quantities of simple salts are mixed and the solution crystallized, e.g. 
cupric ammonium sulphate CuSO;.(NH4);SO;.6H;O, ferrous am- 
monium sulphate FeSO, .(NH4);SO4.6H5O, Carnallite KCl. MgCl;. 


6H50, and Dolomite MgCO;.CaCO;. 
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(c) Complex salts 


These contain one or more complex ions. These are formed by the co- 
ordination (see 2.9) of an ion by one or more ligands (groups which 
can form a co-ordinate covalent bond with the ion; they can be either 


ions, atoms or molecules). 


1. Cationic complex ions bear a positive charge, for example: 


cuprammonium ion [Cu(NH3);]**, deep blue 
hydrated cupric ion [Cu(H20).]**, light blue 


2. Anionic complex ions bear a negative charge, for example: 


ferrocyanide ion [Fe(CN)s] 777 
ferricyanide ions [Fe(CN)s] 7 


An example of a complex salt is cuprammonium sulphate 
[Cu(NH;),]S0; - „Н.О, formed by adding alcohol to the deep blue 
solution obtained when excess ammonia solution is added to cupric 
sulphate solution (deep blue crystals separate out). 

N.B. (a) The colours of aqueous solutions of salts are typical of 
their characteristic hydrated ions (ions co-ordinated by water mole- 


cules). 

Hydrated ions hav 
Al*++, Zn**, Sn**, Р 
Fe*** ions are yellow, Ni 
ions are pale blue, etc. In genera. 


coloured in aqueous solution (see 2.12). 
(b) Although sodium, potassium salts, etc. are generally colourless, 


they will be coloured if the anion is coloured, e.g. sodium dichromate is 


orange. 
(c) All common salts of Na*, K+, NH4* аге soluble in water. 
(d) All common metallic nitrates are soluble in water. 
(e) All common metallic chlorides (except those of silver, lead, 
mercurous and cuprous ions) are soluble in water. 
arbonates (except those of sodium, potas- 


(7) All common metallic c | ‹ 
sium and ammonium ions) are sparingly soluble in water. 


(g) All common metallic sulphates (except those of lead, barium 
and (in concentrated solution) calcium ions) are soluble in water. 
in solution, where the separate ions are present. 


Ch) Salts do not exist iere | 
The salt is formed only when the solution is evaporated and crystallized 


or evaporated to dryness. 


e the following colours: Mg**, Ca**, Na*, K*, 
++ ions are colourless, Fe** ions are green, 
i++ ions are green, Co** ions are pink, Cut* 
1, ions of transition elements are 
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Deliquescence and efflorescence 


In some cases, hydrated salts lose their water of crystallization (either 
entirely or in part) simply on exposure to the atmosphere at normal 
temperatures. This phenomenon is called efflorescence. Examples are 
NazCO3.10H20 (goes to the monohydrate) and Na2SO,.10H20 (goes 
to the anhydrous sait). 

Sometimes, salt hydrates absorb so much water on exposure to the 
atmosphere that they form saturated solutions, this being called 
deliquescence. Examples are calcium chloride CaCl. .6H;O, magnesium 
chloride MgCl;.6H;O, and also phosphorus pentoxide Р.О; and 
sodium hydroxide NaOH (these are not salts). 

In efflorescence, the vapour pressure of the hydrated salt is greater 
than the vapour pressure of water vapour in the atmosphere. The salt 
tries to equalize pressures but, in view of the size of the atmosphere, 
this can never be achieved and so it passes to a lower hydrate or the 
anhydrous salt, with a lower vapour pressure. 

In deliquescence, the vapour of the salt hydrate (and its saturated 
solution) is less than the vapour pressure of water vapour in the 
atmosphere. The salt tries to equalize pressures by absorbing water 
from the atmosphere, forming eventually an unsaturated solution. 

It should be remembered that the water vapour present in the atmo- 
Sphere is not constant, varying from day to day and especially from 
summer to winter. Hence, there is a possibility that certain compounds 
may be either efflorescent or deliquescent depending on the season or 
the locality. 

A. hygroscopic substance (e.g. conc. H35SO,, CuO) absorbs water 
from the atmosphere without forming a solution. 


General methods for preparing salts 


Remember that salts do not exist in solution, only the separate ions 
being present, and that the salt only turns up when the solution is 
evaporated. 


(a) Action of an acid on a metal, for example: 
Zn + 2H* + 5077 > Zn** + SO; - + Hot 
See 


2150, 
ог Zn — 2e + Znt+ 
2H* + 2e > H, 
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Add excess metal to the (warm) acid, filter when reaction is complete, 
evaporate the filtrate and allow to crystallize. Rinse the сг; jth, 


pure solvent and dry them carefully. calo 
(b) Reaction of an acid on an insoluble base, for ext 


CuO + 2H + 50;- > 
(ог Cu**O--) 


c 
uri a 
еше, and allow 


(зше. 


lig the? 27 


Add excess base to the (hot) acid, filter, evaporate 
to crystallize. 

(с) Reaction’of an acid on a soluble oxide, hydr 
An indicator is used to show when excess of the base 
been added. The colour of the indicator can be remove! 
solution with animal charcoal. 

(d) Sparingly soluble salts can be prepared by precipitation, for 
example: 


у‏ سے سے 
Agt + NO; + Н+ + СГ > AgCl} + Н+ + NO;‏ 
oA a ETT‏ کي 
Pbt+ + 2NO; + 28" + SO; > PbSO,| + 2H* + 2М07‏ 


The solid is filtered off, washed and dried. 
(e) By direct synthesis (building up) from the elements, for example: 


2A1 + 3Cla > 2AICIs (ог АСО) 
эре + зар, > 2FeCls (orFe;Clo) 
2Ag + Cl = 2AgtCl- 
эма + С > 2Na*Cl- 


6.9 QUESTIONS 


1. Write notes on the following: 
(а) the preparation of hydrogen, 
(b) the manufacture of hydrogen, 
(с) an experiment to show that hydrogen is lighter than air, 
(d) the uses of hydrogen, 


(e) nascent hydrogen. 3 а 
2. Define the term ‘acid’. What are the general properties of acids? 
e classification of salts. Describe the prepara- 


3. Give an account of th t 
tion of pure specimens of (a) zinc sulphate from zinc, (b) cupric 


sulphate from cupric oxide, (c) lead chloride from lead nitrate. 
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7 Oxygen and its Compounds 


7.1 PREPARATION OF OXYGEN 


Oxygen is normally obtained from a cylinder when required, but it is 
often convenient to prepare some in order to see where it comes from. 
The most convenient method is from hydrogen peroxide solution, which 


is cheap, easily handled, and available from the local pharmacist. Two 
methods of generation are possible: T 


(a) Warming the solution 
2H202 — 2H20 + еду 


(Б) Catalytic decomposition of the solution 
dioxide at room temperature. 
Another method of preparation, not so good because the material is 


uncommon and difficult to keep, is from sodium peroxide (Ма+),07 7, 
which is reacted with water at room temperature. 


Oz- + 2H20 > 20H- + H;05: 26,0; > 2H20 + O2 


using manganese 


Hydrogen 
peroxide 
solution 


Manganese 
dioxide 


7.2 OTHER REACTIONS IN WHICH OXYGEN 
IS FORMED 


(a) Heat on mercuric or silver oxide, for example: 


2HgO > 2Hg + O;f (Priestley’s method, 1774) 


(b) Heat on potassium chlorate with a cupric oxide, nickel oxide 
(or manganese dioxide) catalyst. 


2KCIO; > 2KCI + 305? 
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(c) Electrolysis of dilute sulphuric acid (3.4). 
(d) Heat on nitrates. 
(e) Photosynthesis (feeding of plants). 

chlorophyll 


carbon dioxide + water + sunlight energy ———— starches + oxygent 
sugars 


73 MANUFACTURE OF OXYGEN 


Fractional distillation of liquid air. ` 
Air comprested Hot compressed air heat removed. cold compressed air 
by cold water 
expands 
through 
orifice 
(Joule-Kelvin effect) 
Very cold air 
Liquid № | 
(b.p.-196 M fractional 4. Liquid air 
distillation 
liquid О, 
(b.p.-183 °C) 
Liquid complex P 
О; › fractional liquid argon 


distillation (b.p.-186 °C) 


7.4 PHYSICAL PROPERTIES OF OXYGEN 


Oxygen is a colourless, odourless gas which has about the same density 
as air. It is slightly soluble in water (fishes breathe dissolved oxygen). It 


is very difficult to liquefy and solidify. 


7.5 CHEMICAL PROPERTIES OF OXYGEN 


(a) It supports life. 
(b) It is a good oxi 
Compounds. It supports со: 
rekindled (test for oxygen). 
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dizer (4.1) and can oxidize both elements and 
mbustion, e.g. à glowing splint which is 
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Oxygen oxidizes elements forming oxides. It oxidizes metals, the 
ease decreasing with decreasing position in the electrochemical series, 
for example: 

2Ca — 4e — 2Са++ 
O;—2[O] 2[0] + 4e > 20— 
2Ca** + 20— ¬+ 2Са++о-- 


Oxides of metals are generally basic oxides (bases), these being 
oxides which react with acids to form salts plus water only, for 
example: t 


ор бар pos c 
Са++О— + 2H* + 2CI- + Са++ + 2CI- + HO 


Oxygen also oxidizes many non-metals to oxides, e.g. hydrogen to 
water H2O, sulphur to sulphur dioxide SO; (and sulphur trioxide 
SO3), carbon to carbon dioxide CO; (and carbon monoxide CO), 
phosphorus to phosphorus pentoxide Р.О; (and phosphorus trioxide 
P203), nitrogen to nitric oxide NO, xenon to xenon trioxide XeOs, etc. 

Non-metals normally form acidic oxides, although water, nitrous 
oxide and nitric oxide are neutral. Acidic oxides are oxides which react 
with bases to give saLTs plus water only, and often react directly with 
water to give acids, for example: 


eee‏ سے 
SO; + 2Na* + 20H- +> 2Na* + SO;- + HO‏ 
H20 —2H*--SO;- (sulphurous acid)‏ + ;50 


Xenon oxide is unusual in that it gives a (slightly) acidic solution 
but, with alkalis, the solution decomposes into xenon and a xenate 
(e.g. (Na*),XeO; —-). 

When an acidic oxide reacts directly with water to form an acid it is 
called an acid anhydride (see 6.8), e.g. SO; is the anhydride of sulphur- 
ous acid H5805, SO; is the anhydride of sulphuric acid H2504, CO; 
is the anhydride of carbonic acid H;CO;, CO is the anhydride of 
formic acid (HCOOH), etc. 

Oxygen can also oxidize compounds, e.g. sulphur dioxide to sulphur 


trioxide 
250; + О; = 2505 AH = —45 kilocalories (liberated) 
nitric oxide to nitrogen dioxide 
2NO + О, =2NO, 


sphorus trioxide to phosphorus pentoxide 


pho 
P205 + О; > P205 
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barium oxide to barium peroxide 
2BaO + О, = 2Ba02 
ammonia to nitrogen 
4NH; + 30; +> 2N» + 6H20 (oxidation by removal of hydrogen) 
methane to carbon dioxide 
CH; + 20; > CO; + 2H20 


7.6 USES OF OXYGEN 


(ај пл making steel. 
(b);In welding: a blowpipe is used. 


Flame 
[9 
Articles to 
be welded 


Tap. 
Oxygen —- 
hydrogen ——> 
ог coal gas „~, Тар 
г acetylene 
Fic. 7.2 


Flames produced have temperatures of approximately 3200°C 
(oxy-acetylene), 2800°C (oxy-hydrogen) and 2500°C (oxy-coal gas). 

(c) Breathing where oxygen is scarce, e.g. high altitude flying, deep 
sea diving, mountaineering, hospitals (oxygen-tents), etc. 


7.7 COMBUSTION AND THE COMPOSITION OF 
THE AIR 
The earliest theories were based on the phlogiston concept (Becher and 
Stahl, about 1700). 
Substance burns > Phlogiston + Calx (ash) 


This was overthrown by the work of Priestley (discovery of oxygen) 
and Lavoisier (work on combustion), 1774. ] 

Lavoisier heated mercury in à vessel connected to a bell-jar con- 
taining air inverted over à trough of mercury. The mercury developed 
a coating of red mercuric oxide and the level of mercury in the bell-jar 
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Lavoisier's experiment 
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Level rises as 
mercury A is 
heated 


Rusting 


(а) Iron nails in moist air (b) Iron nails in tap water 
which contains dissolved air 


NAILS RUST 
(c) Iron nails in air dried by (d) Iron rails in air-free water, 
anhydrous calcium chloride made by boiling tap water 
pzz Rubber bung 
covered with 
wax-paper (i.e. 
well sealed 
NAILS DO NOT RUST 
Fic. 7.5 
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rose, showing that some of the air (about one-fifth by volume) was 
used during combustion. A similar experiment can be performed in the 
laboratory using the apparatus shown in fig. 7.4. 

This experiment shows that about one-fifth of the air is oxygen. It 
can also be done using a candle, or by using the process of rusting. Rust 
is formed when iron is exposed to the action of both air and water, the 
rust being hydrated ferric oxide, Fe2O3 .H20 ог FeO.OH. It is possible 
to show that both oxygen and water are needed using the conditions 
shown in fig. 7.5. к 

Iron can be protected from rusting by coating it with grease, paint, 
plastic or a metal (e.g. zinc, tin, chromium). When covered with zinc, 
the iron is said to be galvanized. This is better than tinning since zinc 
lies above iron in the electrochemical series while tin lies below it. 
In a solution of an electrolyte (ordinary water contains traces of electro- 
lytes such as carbonic acid), zinc ions would tend to be formed rather 
than ferrous ions leaving the iron surface, if the protective coating is 
scratched. Hence, rusting cannot occur readily. For tinned iron, 
however, ferrous ions would leave the iron surface more readily than 


stannous ions would leave the tin surface, making rusting easy. 


air HO 
Fe — Fe** 4- 2e, Fett ——> Ее+++ ——> FeO.OH 
rust 


In order to utilize rusting in the elucidation of the composition of the 
atmosphere, the apparatus of fig. 7.6 is employed. 


Composition of the air by rusting 
„= Graduated tube 


Iron filings held Rust 
to sides of tube 
by moisture 


v EEE 


Fic. 7.6 


4 
E 


The insi long glass tube is damped with water and iron filings 
E ie, chee ae lick to the side of the tube. The tube is in- 
verted over ‘a container of water and left for some time, when it is 
found that water has risen up inside the tube. After adjusting the levels 
of water inside and outside the tube to be equal, it is found that 
approximately one-fifth of the air inside the tube has been used up in 
Tusting, i.e, one-fifth of the air (by volume) is oxygen. 
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7.8 BREATHING (RESPIRATION) 
The essential equation is 
C+ 0; > CO; AH = —94-5 kilocalories (liberated) 
Oxygen is inhaled, combines with haemoglobin in the blood to form 


oxy-haemoglobin which is circulated around the body, and is given up 


to various carbon compounds (from food) with the liberation of 
carbon dioxide and heat. 


Inhaled air Exhaled air 

(а) Nitrogen 80% approx. (а) Nitrogen 80% approx. 

(b) Oxygen 20% approx. (b) Oxygen 16% approx. 

(c) Carbon dioxide 0-03 % (c) Carbon dioxide 4% approx. 
approx. (this percentage is not, in fact, 


quite the same as the percent- 
age of oxygen used up). 

(d) Water vapour (more than in- 
haled). 


| To show that more carbon dioxide is present in exhaled air than in 
inhaled air, the apparatus of fig. 7.7 is used, 


Breathing experiment 


Suck and blow 
alternately 


Inhaled air —» 


—> Exhaled air 


Stays almost 
clear 


Fic. 7.7 


‘The heat energy released in respiration is used (а) for warmth, 
(6) for work and play, (c) to provide energy so that other changes in the 
body, which need energy before they can take place, can be started. 
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7.9 OXIDES 


Oxides can be either electrovalent, e.g. (Na*);0—— or covalent, e.g. 


СО». 
(а) Acidic oxides are those which react with bases to form a salt plus 


water only, e.g. CO2, SO;, SOs, P205, №05 


CO; + 20H- > CO;- + H;O 
CO;- + HO + CO; > 2HCO; 


With water, they give acids, for example: 


CO; + HO —2H* + CO; ^ 
SO; + HO + 2H* + S0;7 


They are generally the oxides of non metals, but there are exceptions, 
for example: 


у 
CrO; + H20 > 2H* + Сто; “ 
chromic chromic acid 
anhydride 


Fer eee 
Mn;0, + Н.О + 2H* + 2MnO; 


manganese permanganic acid 


heptoxide 
(very explosive) 


(b) Basic oxides (or bases) are those which react with acids to give 
salts plus water only, for example: 


лер рү Ке трње 
Сино— + 2H* + 227 > Cu** + 2Cl- + H20 


Bases which dissolve in water give alkaline solutions, containing 
alkalis, e.g. sodium oxide (Na*),0-- dissolves in water to form sodium 
hydroxide (caustic soda) NaOH, potassium oxide (K+)207 gives 
potassium hydroxide (caustic potash) K*OH-^, calcium oxide Ca**O— 
gives calcium hydroxide Ca** (ОН). 

A strict definition of a base is a substance with a tendency to accept 
a proton (cf. an acid is a substance which donates a proton), for 


example: 
NH; + Н+ > NH; 
base 
OH- + Ht + Н.О 
base 
HO + Ht > H30* 


base 
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Notice that water can act as either an acid or a base. 


НО = Н+ + OH- (acidic function) 
Н.О + H+ +> H3O* (basic function) 


(c) Amphoteric oxides have both basic and acidic characteristics, 
reacting with acids to give salts plus water and with alkalis to give 
salts plus water, for example 


ZnO + 2H* — Zn** + Н.О (zinc salt) 
ZnO + 20H- + ZnOi- + Н,О (zincate) 
Al;0; + 6H* + 2AI*** + 3H0 (aluminium salt) 
Al;0; + 20H- + 2A1O; + Н.О (aluminate) 


(d) Neutral oxides are neither acidic, basic nor amphoteric, e.g. 
water H20, nitrous oxide №0, nitric oxide NO. 

(e) Peroxides react with ice-cold water or dilute mineral acids to 
give hydrogen peroxide, e.g. (Ма+),02 7, Ва++О;-. 


O$- + 2,0  20Н- + H;0; 
BaO; + HSO, > Ва5о, | + H;0; 
205 + 2H20 > 20H- + H;0; + O44 


(f) Higher oxides contain the element in a valency state higher than 
its normal value, but do not give hydrogen peroxide with water or 
dilute acids, e.g. the metallic dioxides (containing high percentages of 
covalent bonding) MnO», PbO». 

Note that higher oxides, when heated with concentrated hydro- 
chloric acid, give chlorine, whilst peroxides give hydrogen peroxide 
with the cold acid (if hot, oxygen is evolved). 

(g) Mixed oxides behave as though they are mixtures of two simple 
oxides, e.g. N204 (behaves as NO; and М»О›»), red lead Pb3O4 
(PbO;, 2PbO), ЕезО„ (FeO, Fe203). [There is really more to it than this, 
however, as, for example, Pb3O, can be treated as plumbous plumbate 
(Pb?*)(PbO4)*~.] 

Along a Period of the Periodic Table, there is a gradual change in 
nature of the ‘typical’ oxides (i.e. the ones in which the clement exerts 
the Group valency). For example: Period 2 


(Na* 0¬ Mg**O-- АђОз SiO; P20; SO, CLO; 
(P4010) 
<—— Basic ——> Amphoteric «—— Acidic —— > 


The same gradation is found in lower Periods, if the transition series 
are neglected. 
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7.10 HYDROXIDES OF METALS 


These are closely related to the corresponding oxides. 


Preparation 
1. Reaction of a metal with water (5.4). 
2. Reaction of a metallic oxide with water, this applying to the 
oxides of sodium, potassium, calcium and (to a lesser extent) magne- 
sium. 
O— + H20 > 20H- 
3. Electrolysis, e.g. the Castner-Kellner cell (fig. 3.8). 
4. By precipitation (for insoluble ones), for example: 


Pb++ + 20H- +> Pb(OH)2} (white) 
Cutt + 20H- > Cu(OH).} (blue) 
Fe** + 20H- — Fe(OH)2} (green) 
Fet++ -+ 30H- — Fe(OH)3} (red/brown) 
AIC + ЗОН- > AI(OH)s} (white) 
Zn** + 20H- — Zn(OH)2} (white) 


Some hydroxides are amphoteric—they dissolve in excess sodium 
hydroxide solution as well as in acids, for example: 


WIE eR. 
Al(OH); + Nat + OH- > Ма“ + AlOz + 2H20 


sodium aluminate 


poA 
Zn(OH); + 2Na* + 20H- > $Na* + ZnOF + 2H20 


sodium zincate 
des dissolve in excess ammonia solution 
forming complex ions (6.8). Thus, cupric hydroxide and zinc hydroxide 
dissolve to form deep blue and colourless solutions respectively, con- 
taining the ions Cu(NH3)? * ог Zn(NH3)? * respectively. 


Other metallic hydroxi 


Properties 
1. Metallic hydroxides are basic, react 
water only, for example: 
Mg**(0H2; + 2H* > Mg** + 2H20 

OH- + Н+ = HO 
oluble in water they are called 
Ammonia solution, loosely called 

113 


ing with acids to give salts plus 


or 


2. When metallic hydroxides are s 
alkalis, e.g. NaOH, KOH, Ca(OH)». 


ƏUON 3H 
ang *(HO)nO no 
(но)ча qd 
onojoudury IYAMA НОЈ ug 
: рошлој RSEN 3125 sezo (HO) 
IPM əjqnjos чау анан * JO uonnjos (НО)әя эд 
+әріхо — A|Surreds Aquo ъ uo uonnjos Ore = 
омојоца! ешошше 10 НОУ 
T | 9[qnjos Apusis uonnjos HON &(НО)8у 3W 
Sostoloop لل‎ 
Aqtyiqeys yes v jo (HOX Le) 
1! suornnjos NYM чоппоз jo 
әшүезүе ۸ " е 
RS t orago, ON LN 
525 AID окшош e [eeu uo ОН HOM bi 
УА poy лән ОН ш 4појођ uogp4pdoq — грахолрац olay 
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ammonium hydroxide and represented NH4OH, has many of the 
general characteristics of alkalis, although it does not contain a metallic 
ion. Ammonium hydroxide has never been isolated. 

3. The effect of heat on metallic hydroxides is given in 5.8. 

4. All bases react with most ammonium salts when heated to give 


ammonia, for example: 


aS Sas ERT SES 
2NH;CI- + Са++ + 20H- > 2NH,1 + Ca** + 227 + 2H20 


7.11 WATER 


Water is the oxide of hydrogen, H20. It is such an excellent solvent that 
it seldom occurs pure. Sea water contains about 3-6 per cent by weight 
of dissolved solids, of which about 2:5 per cent is sodium chloride. 
Rain water and river water are generally much purer. 

Water, at 1 atmosphere, boils at 100°C and freezes at 0°C. The 
presence of dissolved solids raises the boiling point and lowers the 
freezing point. 


Water reacts with many metals (5.4) and with many non-metals, for 


example: 
Pris ege. 
C--H;0—CO-cH, АН = +32 kilocalories (absorbed) 
16 steam water gas 


Si + 2H;0 > SiO; + 2H; 


hot Steam 


У E IgE => 
2F; + 2H20 > О; + 4H* + 4F- 
—— == 
Cl; + HO > H+ + СР + Н+ + OCI- 


hypochlorous acid 
Water also reacts with many compounds, e.g. calcium carbide (to 
give acetylene), aluminium carbide (to give methane), sodium hydride 
(to give hydrogen), ethyl acetate (in the presence of an acid or an 
alkali, to give ethanol and acetic acid or an acetate), acetyl chloride (to 
give acetic acid). The last two reactions belong to a general class known 
as hydrolysis reactions (for organic compounds), the functional group 
(see 10.3) of the compound being replaced by the hydroxyl group OH. 
Cat#(C = O)-- + 2H20 > CH + Ca++ + 20H- 
Al4Cs + 12H20 — 3CHat + ЗАКОН) 
Na*H- + HO > Hat + Ма“ + OH- 


CH;COOC2Hs + #20 = CHCOOH + C;H;OH 
ethyl acetate ae ethanol 


CH3COCI + #20 > CH;COOH + HCl 
acetyl chloride 
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The term hydrolysis is also used to represent certain types of re- 
action in inorganic chemistry, e.g. the reaction of water with certain 
salts. Thus, an aqueous solution of ferric chloride is acidic to litmus 
owing to hydrolysis to hydrochloric acid. 


Ее+++ + 3Cl- + ЗН,О = Fe(OH); + 3H* + 3CI- 


The reaction of water with white anhydrous cupric sulphate to give 
the blue pentahydrate is used as a test for water in liquids. 


CuSO, + 56,0 = CuSO,.5H;O 


white blue 


Hardness of water 


Hard water does not readily give a lather with soap. Hardness is caused 
by dissolved salts of calcium and magnesium (the sulphates and bi- 
carbonates being most common) which provide Ca++ and Mg++ ions 
IN SOLUTION. Thus calcium sulphate occurs as Gypsum (the dihydrate) 
and, when rain water flows over Gypsum rocks, some of the sulphate is 
dissolved out. Calcium bicarbonate is formed when rain water (a 
dilute solution of carbonic acid) flows over calcium carbonate rocks 
(e.g. limestone). 


CaCO; + HCO; + Ca++ + 2HCO; 


Soap is the sodium or potassium salt of a higher carboxylic acid, 
stearic acid Ci; Hs sCOOH. Calcium and magnesium ions in water re- 
act with soap to give a scum, thereby preventing a lather from forming. 


2C,;H5,COO-Na* + Са++ + (C,7H3sCOO-),Cat+} + 2Na* 
scum of calcium 
Stearate 
Hardness is therefore a nuisance in, for example, laundries. 
The volume of standard soap solution required to give a permanent 
lather with equal volumes of various samples of water can be used to 


estimated by titration (see 17.3) of a definite volume of the water with 
a soap solution standardized against water containing a known con- 
centration of Ca** ions. 

A better way of estimating hardness in water is with a standard 
solution of the substance ‘complexone’ (ethylenediamine tetra-acetic 
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acid, EDTA). This substance forms very stable co-ordinate linkages (see 
2.9) with many metal ions, including Ca** and Mg**. The water is 
first titrated in the presence of a dye called ‘solochrome black’ which 
gives a red colour in the presence of Са++ and Mg++ ions. At the end- 
point (when all Ca++ and Mg++ ions have formed complexes with 
EDTA), the colour changes from red to blue (the colour of the free 
solochrome black). Another portion of the water is then titrated in the 
presence of another dye, called *murexide', this forming a pink colour 
with Ca** ions only, when all the latter have formed complexes with 


EDTA, the free murexide (violet) is liberated. 
From the titration results, it is possible to calculate the concentra- 


tions of both the Ca++ and Mg** ions separately. 
The presence of calcium and magnesium bicarbonates causes hard- 
ness which is said to be temporary because it can be removed by boiling. 


boil 
Ca(HCO;). > CaCOs} + Н.О + сол 


Kettle fur and boiler ‘scale’ are a deposit of calcium carbonate. 
Hardness caused by calcium and magnesium sulphates is said to be 
Permanent, since it cannot be removed by boiling. 


Softening and deionizing of water 

Both temporary and permanent hardness can be removed by the follow- 
ing methods: 

1, Use of ‘washing soda’, sodium carbonate decahydrate 
Na2CO3.10H20, for example: 


Ca++ + 2Na* + COs~ > Ca**CO; 7¥ + 2Nat 


2. Use of Permutit, an insoluble complex compound (a zeolite) of 
sodium, which can replace unwanted Ca** and Mg** ions in water by 
Na* ions. The ions are said to be exchanged for Ca** and Mg** ions 


in solution, for example: 


Ca++ + 2Na* complex > Ca** complex + 2Na* 


insol. insol. 


The water is passed through a container of Permutit, which eventu- 
ally becomes converted entirely into the calcium complex. This can be 
‘regenerated’ by passing concentrated brine NaCl through it for some 
time and then washing away the calcium chloride formed. 


Ca++ complex + 2Na* + 2Cl- > 2Na* complex + Са++ + 2С1- 
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3. By use of ion-exchange resins. Permutit softens water by removing 
calcium and magnesium ions, but it also puts an equivalent quantity 
of sodium ions into the water. In many branches of science, it is neces- 
sary to have water completely free of all ions except H+ and OH-. A 
cation-exchange resin in the form of beads is capable of exchanging 
cations in the water for H* ions (i.e. all unwanted cations are removed 
and an equivalent number of H+ ions enter the water), whereas an 
anion-exchange resin in the form of beads is capable of exchanging 
anions in the water for OH- (i.e. unwanted anions are removed and an 
equivalent number of OH- ions enter the water). Hence, the only ions 
present in the water are H* and OH-. 


Deionization of water 


‘Water minus 
cations 


Cation - exchange resin 
(takes out cations, puts in 
Ht ions) 


Anion - exchange resin 
(takes out anions, puts in. 
ОН“ ions) 


Water containing Water completely free from 
Catt, Mg**, Nat, SOF, Can Mgr Nat, 507, 
NO}, СТ, Вг” ions, etc. NO}, CI, Вг” ions, etc. 


Fic. 7.8 


4. Distillation, but this is very uneconomical; it is, nevertheless, 
often used on a large scale. 


The following methods can be used for temporary hardness only. 
5. Boiling, for example: 


Са++ + 2HCO; — Ca**CO; 7| + H20 + сол 


6. Use of slaked lime Ca(OH), in the calculated quantity, for ex- 
ample: 


Ca** + 2HCO; + Ca(OH)» > 2Ca**CO; -| + 2,0 


A detergent is a cleansing agent, soap being the commonest one. 
Modern detergents such as Surf, Omo, Daz, Tide are better than soap 
for the following reasons: they dissolve more readily, they form no 


118 


Oxygen and its Compounds 


scum (soap forms a scum of calcium stearate, but the calcium salts of 
these detergents are soluble) they work well in both acid and alkaline 
media, they remove grease efficiently and allow the water to flow more 
freely through the article being cleansed. Many detergents are products 
of the petroleum industry. 

A solid detergent (sodium dodecyl sulphate) can be made on a small 
scale by making up a solution of sodium hydroxide (1 g/25 cm? of H20), 
adding dodecyl sulphate solution until the solution is neutral and 
evaporating the solution to dryness on a steam-bath. The solid deter- 
gent can be crystallized from dilute ethanol. 


STALACTITES AND STALAGMITES 

Water containing dissolved calcium bicarbonate can lose water and 
carbon dioxide by slow evaporation to give calcium carbonate. If this 
happens on the roof of a cave, a згајастте is formed. If some of the 
water drips on to the floor and loses carbon dioxide and water there, a 


stalagmite is formed. 


Gravimetric composition of water 
Dumas’s method (1842): laboratory modification. 


Dry ‘Combustion Calcium chloride 
tube to prevent 


i i be 
З (i entry of moisture 
Pure dry 
hydrogen —— 


У 
Absorption tubes 
(conc. H,SO, soaked into pumice) 
Fic. 7.9 


Loss in weight of the cupric oxide gives the weight of oxygen in the 


water formed. Gain in weight of the absorption tubes gives the weight 


of water formed. ? f t А 
The difference in these two weights gives the weight of hydrogen in 
the water. The weight ratio of hydrogen to oxygen is about 1 to 8, the 


ratio of their equivalent weights. 
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7.2 HYDROGEN PEROXIDE H20: 


This is prepared by reacting a peroxide with an ice-cold dilute mineral 
acid, for example: 


BaO; + Н,50; — BaSO,| + H202 
or О; — + 2H* + H;0; 


It is manufactured by the electrolysis of concentrated sulphuric acid 
(lead cathode, platinum anode, high current density). 


2HSO; — 2e > H2S20, (perdisulphuric acid) 
H38;0, + HO > Н,50; + Н.50;  (permonosulphuric acid) 


steam 
Н,80; + Н.О + H202 + H2SO4 
steam 

It is a colourless liquid with physical properties different from those 
of water. It is slightly acidic when pure but the aqueous solution is 
neutral. The solution decomposes slowly on standing, this being cata- 
lysed by finely-divided metals (e.g. platinum), metallic oxides (e.g. 
MnO»), dust and alkalis. The pure liquid can decompose violently. 


2H;0; > 2H20 + О; 


The ‘volume strength’ of solutions of hydrogen peroxide is defined 
as follows: 1 litre of ‘20 vol.’ hydrogen peroxide gives 20 litres of 
oxygen at N.T.P. when fully decomposed. Thus: 


2H;0; + 2H20 + Oot 


68 g — 22:4 ] at N.T.P. 
68 x 20 
“pa B 201at N.T.P. 


8 x 20 
22-4 
Hydrogen peroxide is an oxidizing agent, for example: 
2Fe** + H202 + 2H* + 2Fe*** + 26,0 
from an (observe green solution — yellow) 
21- + H202 + 2H* — I; + 2H;O 
from ап (observe colourless solution > brown) 
PbS + 4H;0; + PbSO, + 4H;O 
(observe black PbS — white PbSO4) 


1 1 of ‘20 vol.’ H50; contains Ё 


= 60:8 g. 


120 


Oxygen and its Compounds 
Cr;O2- + 2H* + 48,0; + 2CrOs + 5H20 


dichromate from an blue 
ion acid _chromium peroxide 
(observe orange solution — blue) 


The oxidizing properties make hydrogen peroxide solution a useful 
mouth gargle, for dressing wounds and cuts, and also a bleaching agent 
for hair, silk, etc. : 

Pure hydrogen peroxide (or highly concentrated solution) is used, 
together with oil, as an under-water fuel. The fuel is ignited by inducing 
the exothermic decomposition reaction by spraying it with a finely- 
divided solid catalyst. Mixtures of hydrogen peroxide and hydrazine 
(N2H,) are used in rocket propulsion. 

Hydrogen peroxide is also a reducing agent, for example: 


2MnO; + 5H202 + 6H* — 2Mn** + 8H20 + 502 


7.13 OZONE О» 


Ozone is an allotrope of oxygen (see 8.2). It is obtained by passing a 
silent electrical discharge through dry air or oxygen. The silent dis- 
charge does not allow the temperature to rise appreciably and the ozone 
formed does not therefore decompose, as would happen with an ordin- 
ary spark. 
30; +20; АН = 69 kilocalories (absorbed) 

Ozone is a pale blue gas which gives a darker blue magnetic liquid. 
It can be separated from oxygen by fractional distillation (ozone 
b.p. —112°C, oxygen b.p. — 183*C). It is normally used as ozonized 
oxygen, as made in an ozonizer, and is then a colourless gas. It has a 
smell somewhat like traces of chlorine. 


Forms of ozonizer 


Slow stream шенә) 
Be Copper leads 
| Slow stream of © 
Tinfoil EE eygen 
Са. 57, ozone 
о, 
i. Induction 
Са. S'Lozone. coil 
Dil. sulphuric] 
acid 
(a) Siemens’s type (b) Brodie’s type 
Fic. 7.10 
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Since ozone is an endothermic compound (formed with the absorp- 
tion of energy) it is very unstable and the pure liquid is liable to ex- 
plode (the molecules are closer together in the liquid than in the gas 
state and therefore more collisions are likely, making explosion more 
probable). Ozone is only slightly soluble in water but is readily ab- 
sorbed by turpentine. 

Ozone decomposes into oxygen, decomposition being accelerated 
by heat and by catalysts, 


203 — 30, AH = —69 kilocalories (liberated) 
Ozone is a powerful oxidizing agent, for example: 


2I- + H20 + O; > 20H- + 1, + О, 
2Fe** + 2H* + Оз + 2Ее+++ + H,O + о, 
PbS + 403 > PbSO, + 40; 


The ‘tailing’ of mercury by ozone is an oxidation of the mercury 


surface. Ozone reacts with unsaturated organic compounds to form 
ozonides, such as ethylene, benzene, rubber, for example: 


о 
= 2 


0—0 
ethylene ozonide 
Ozone is a useful disinfectant, is used in some air purification plants, 
and is widely used in organic chemistry for the location of carbon- 
carbon double and triple bonds. ' 


H2C=CH; + 0, + HC 


ethylene 


7.14 QUESTIONS 


1. Describe the laboratory preparation of oxygen. How, and under 
what conditions, does oxygen react with magnesium, sulphur, 
carbon, phosphorus, carbon monoxide, methane, barium oxide? 

2. Give an account of the classification of oxides. Write electronic 
structures for two oxides with ionic bonds and two with covalent 


bonds. 3 
3. What causes hardness in water? Give an account of the deionization 


of water. А . MU 
4. Explain how hydrogen peroxide can act as either an oxidizing or à 


reducing agent. | 
5. Explain the meaning of the term redox, with examples. 
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8.1 OCCURRENCE AND EXTRACTION 
OF SULPHUR 


Sulphur occurs as the element in volcanic regions, e.g. in Sicily near 
Mount Etna, and also in Texas and Louisiana (U.S.A.). It also occurs as 
sulphide minerals (see table 5.2). 

Sulphur also occurs as metallic sulphates, e.g. Gypsum CaSO,.2H20, 
Anhydrite Са5о,, Epsom salts MgSO,.7H20. 

Most crude petroleum contains a little sulphur, as does coal. 

Sulphur is extracted from the U.S.A. deposits by the Frasch process. 

The process relies on the low melting point (119*C) of sulphur. 
The blasts of hot compressed air (a) lower the density of the molten 
sulphur by making it a froth and (b) force it to the surface. On solidifica- 
tion, it forms blocks of sulphur which are recast as sticks of roll sulphur. 


The Frasch process 
Hot 
compressed air 


| 


—e Molten sulphur + water 
Water under — = у { 
Pressure at 165°C | pn Sulphur solidified 
y 


To sulphur bed 
(500 — 1500ft) 


82 ALLOTROPY AND PHYSICAL 
PROPERTIES OF SULPHUR 


Allotropy is the existence of an element in two or more forms in the 
Same state of matter. There are several types. Monotropy is when one 
allotrope is stable and others metastable (theoretically unstable, but in 
Practice reasonably stable), passing at various rates into the stable form. 
In enantiotropy, each allotrope 1s stable over a definite range of 
temperature and passes into another form at the transition temperature 


(point). Enantiotropy is reversible whilst monotropy implies non- 


reversible. 
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In dynamic allotropy, two allotropes exist in equilibrium together, 
the percentage of each one being determined by the temperature and 
sometimes the pressure. 

In the solid state, sulphur exhibits enantiotropy, the forms being 
thombic (Sa) and monoclinic or prismatic (58) sulphur. 

Rhombic sulphur is the common form at normal temperatures. It 
can be obtained by dissolving powdered roll sulphur in carbon di- 
sulphide, filtering and allowing the filtrate to evaporate in the air. 

Monoclinic sulphur is stable above 96-5°С to the melting point 
(119°C). The temperature 96-5°C is the transition point Sa = Sf. 
Monoclinic sulphur can be made by (a) heating sulphur until it melts 
to an amber liquid, pouring this into a filter paper and leaving until 
almost set, and opening the paper quickly, (5) dissolving powdered roll 
sulphur in hot toluene in a tube, wrapping this in cotton wool and 
allowing it to stand so that crystallization takes place above the transi- 
tion point, (c) melting sulphur in a deep crucible and allowing the melt 
to cool until a crust forms most of the way over the surface; all the 
still molten sulphur is then poured away and inside the crucible are 
found crystals of monoclinic sulphur. 

Although the chemical properties of the allotropes are very similar, 

this is not always true for the allotropes of other elements. 


tad 


Rhombic sulphur 


. Stable below 96:5°С. Changes 


slowly to Sf above this tempera- 
ture 


. Octahedral (yellow) crystals 


. Soluble in carbon disulphide, 


insoluble in water 


. Density 2:1 g/cm? 
. M.p. 113-5°С on very slow heat- 


ing 
Solid allotropes of sulphur 


Monoclinic sulphur 


Stable between 96:5°C and 
118-7°С. Changes slowly into Sa 
below this temperature 
Monoclinic (yellow-brown) 
needles 

Same 


Density 1-995 g/cm? 
М.р. 118:7°С 


Qo c 


Rhombic 


Monoclinic 


Fic. 8.2 
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When equal weights of the two allotropes are completely burnt in 
oxygen, the same weight of sulphur dioxide is formed, showing that 
they are both allotropes of the same element. Also, one form can be 
converted to the other merely by altering physical conditions. 

Liquid sulphur contains the dynamic allotropes 51 (a clear, yellow, 
mobile liquid) and Sz (a dark red, almost black viscous liquid). The 
percentage of Sy increases as the temperature rises. 

Flowers of sulphur is formed when sulphur vapour falls on a cold 
surface (sublimation). 

Plastic sulphur is formed when boiling sulphur is poured into cold 
water. It is a rubber-like solid with the same composition as the liquid 
from which it was derived, i.e. it contains supercooled 52 and Su. 

Colloidal sulphur is formed when sodium thiosulphate solution is 
treated with dilute hydrochloric acid or when hydrogen sulphide solu- 


tion is oxidized by oxygen. 


$,0; -+ 2H* > SO;t + H20 + S 
26,5 + 0; > 2H20 + S 


Colloidal sulphur is insoluble in carbon disulphide. 
Heat on sulphur (in a limited supply of air) (changes due to allotropy) 
1. The solid changes from yellow to yellow-brown. 
2. It melts to an amber liquid. 
3. The liquid darkens and gets more viscous (thi 


ted without the liquid running out). | 
4. The viscosity decreases and the liquid gets even darker, and 


eventually it boils at 444°C, forming sulphur vapour. 


e tube can be inver- 


83 CHEMICAL PROPERTIES OF SULPHUR 
(a) Sulphur is oxidized by oxygen, concentrated nitric or hot con- 
centrated sulphuric acid, forming oxides of sulphur; this is oxidation 
by addition of oxygen atoms. 
5 + О; — SO; (25 + 30; — 2803) 
S + GHNO; + SO; + 6901 + 3H20 : SOs + 220 > 2H* + 802 - 
S + 29,50, — 380.1 + 2H20 
(b) Sulphur reacts with most metals (oxidation of the metals), when 
hot, forming sulphides, for example: 
Mg + S > Mg*#S— 
Fe + S > Fe**S— 
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The ease of combination decreases with decreasing position of the metal 
in the electrochemical series. 
(c) Sulphur also oxidizes many non-metals, when hot, for example: 


H.+S-—>H,S 
C + 25 ¬+ CS; 


(4) Sulphur can also oxidize many compounds, for example: 


oil 
2Na* + SO;- + S — — 2Na* + 8,07 - 
sodium thiosulphate 
2Na* + S-- + х5 + 2Na* + [S,]-- (x — small whole number) 
sodium polysulphide 
It oxidizes sodium hydroxide solution (conc., hot) to give sodium 
thiosulphate and sodium polysulphides. 


8.4 USES OF SULPHUR 


1. Manufacture of sulphuric acid (see 8.8). 

2. Manufacture of paper; wood pulp has to be purified by treat- 
ment with calcium bisulphite, Ca(HSO3);, made from sulphur dioxide 
(which is made from sulphur). Paper made from pulp not treated in 
this way soon turns yellow in the light. 

3. Vulcanizing rubber; raw rubber is Sticky in hot weather and 
brittle in cold but, by heating the rubber with sulphur, these faults are 
overcome. 

4. Manufacture of gunpowder (sulphur, charcoal, potassium nitrate 
heated in a confined space form a large volume of gas from a small 
volume of solid) and matches. 

5. Medicinally. 

6. Lime-sulphur fungicide and insect killer. 

7. Making other important chemicals, e.g. carbon disulphide CS;, 
sodium thiosulphate Na;S;0;. 


85 HYDROGEN SULPHIDE H;S 


Preparation 
By the action of dilute hydrochloric or dilute sulphuric acid on ferrous 
sulphide (in a Kipp's apparatus). 

FeS + 2HCI > FeCl, + H;S4 


òE 5— + 2H* + HIS 
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This reaction involves the displacement of a weak acid (H2S) by a 
stronger one (HCI, H2SO4), the former being very volatile and having 


a low solubility in water. 
Very pure hydrogen sulphide is obtained when water is added to 


aluminium sulphide. 
ALS; + 6H;0 + гАКОН)з + 3H;Sf 


Properties 


It is a colourless gas with repulsive smell (bad eggs) and is very poison- 
ous. It is easily liquefied, is fairly soluble in cold water, but less soluble 


in warm water. 4 | 
It is a weak dibasic acid in aqueous solution (hydrogen sulphide 


water). 
HS = H+ + HS- = 2Н+ + S— 

With sodium hydroxide solution it gives sodium sulphide and 
Sodium hydrosulphide. 

20H- + H5S > S-- + 2H20 
S-- + H2S > 2SH- 

It is a reducing agent, e.g. its aqueous solution is slowly oxidized 

in the air and the gas burns in a limited supply of air. 
26,5 + О; > 2H20 + 25} 


If burned in a plentiful supply of air, sulphur dioxide is formed. 


2H5S + 30; > 2H20 + 280; 


d of any concentration. A typical equation for the 
ated nitric acid might be obtained as follows: 
he presence of water is somewhat 


It reduces nitric aci 
reaction with concentr: 1 
. (а) Hydrogen sulphide in t 
ionized to give S77 ions. — 

(b) Sulphide ions are oxidized to sulphur 
s--—2e>S 
(c) Nitric acid acts as an oxidizing agent, being itself reduced, for 
example: 

4H* + 4ANO; + 2e > 2NO; + 2H20 + 2NO; 


4H* + 2305 +57 > 2H;0 + 2М0;] + S 
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It reduces chlorine to hydrogen chloride 


Cl, + H2S + 2HCI + S 


It reduces potassium permanganate solution (purple) to a solution 
containing manganous ions (colourless). 


2MnO; + 6H* + SHS +> 2Mn** + 8H;0 + 5S} 


It reduces potassium dichromate solution (orange) to a solution 

containing chromic ions (green). 
Cr20; - + 8H* + 3H58 > 2Cr*** + 7H20 + 35} 

It reduces a solution containing ferric ions (yellow) to one con- 

taining ferrous ions (green). 
2Fet** + H58 + 2Fe** + 2H* + S} 
It reduces sulphur dioxide (in the presence of moisture) to sulphur. 
2H58 + SO; > 3S} + 2H,0 


Hydrogen sulphide precipitates the sulphides of many metals from 
solutions containing their ions, for example: 


Си++ + H2S ¬+ CuS} + 2H* 
black 


Pb** + H;S — PbS} + 2H* 
black 


The sulphides of tin, lead, bismuth, copper, cadmium, antimony, 
mercury and silver are precipitated even in solution containing dilute 
hydrochloric acid. The sulphides of zinc, iron, manganese, cobalt and 
nickel are precipitated only in alkaline solution, and are incompletely 
precipitated in neutral solution. 


Zn** + H2S = ZnS} + 2H* (1) 


The solubility product(s) of a sparingly soluble electrolyte is defined 
as the product of the concentrations of the ions (in gram-ions per litre) 
in a saturated solution of the electrolyte. Thus, for zinc sulphide, 


S = [Zn** IS] 
When the solution is saturated with hydrogen sulphide, 
H,Si=2H*+ 5— о 
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Е Zinc sulphide is precipitated by combination of zinc and sulphide 
ions. 
Zn** + S— = ZnS} (3) 
If hydrogen ions are present (as would be the case when a neutral 
solution of a zinc salt is used, as shown by equation (1) above), the 
sulphide ion concentration is lowered, since the product 
S! = [E?FIS] 
must remain constant (you can think of this as a sort of solubility 
product). Hence, precipitation of zinc sulphide is incomplete, since this 
lowering of the sulphide ion concentration is sufficient to force reaction 
(3) slightly back to the left. If the solution contained added hydrogen 
ions, say from dilute sulphuric acid, zinc sulphide would not be 
precipitated at all, but the small number of hydrogen ions produced 
in equation (1) merely cause it to be incompletely precipitated. For 
some sulphides, e.g. cupric sulphide, the solubility product is so low 


that it is precipitated even when acid is present. 
Ammonia solution can be added to neutralize the acidity or am- 


monium sulphide can be used for the precipitation, for example: 
Zn** + (NH4S > ZnS} + 2NH? 

No sulphides are precipitated for the following metals: potassium, 
sodium, calcium, magnesium, aluminium, chromium; ammonium 
sulphide is also soluble in water. Some of these sulphides are stable and 
Soluble; others are unstable and hydrolyse. 

Some sulphides are hydrolysed by water, 
2CaS + 29,0 — Catt + 20H- + Catt + 2SH- 
MgS + 2H;0 > Ме!" + 20H- + HaSt m. 

Most sulphides burn in air to give the oxide and sulphur dioxide, 
for example: 


for example: 


2ZnS + 302 > 2210 + 2802+ 


Test for hydrogen sulphide 
paper black, owing to the precipitation. 


It turns lead acetate (or nitrate) 0 
unmistakable. 


of black lead sulphide. The smell is also 


8.6 SULPHUR DIOXIDE SO; 


Preparation 


It is normally obtained from a cylinder ( 
hydrogen, etc); disposable units can now 


с.с.с.—5* 


not the same, though, as for 
be purchased. 
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(a) By treating a sulphite (or bisulphite or thiosulphate) with dilute 
hydrochloric acid—displacement of a weak acid by a stronger one (cf. 
preparation of carbon dioxide). It is soluble in water and heavier than 
air and is therefore collected by downward delivery. 


SO;- + 2H* > H20 + SO; 


(b) The reduction of hot concentrated sulphuric acid by copper 
turnings. 


Cu + 26,50, — CuSO, + 2Н,О + SO; 
obtained from 


Cu — Си++ + 2e 
2H* + 50; - + 2H* + 2e > 26,0 + SO; 


Cu + 2H* + SO; - + 2H* — Си++ + 2H;0 + 50, 


Preparation of sulphur dioxide 


Conc. sulphuric acid 


| 


Cardboard cover 


Copper 


turnings Sulphur dioxide 


Fic. 8.3 


(c) It is manufactured by roasting many sulphide minerals in air, 
e.g. ZnS, or by roasting Anhydrite at 1500*C with coke and sand (see 
8.8). 

2CaSO, + С + 2810, +> СО;! + 280;1 + 2CaSio; 


calcium silicate 
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Properties 


It is a colourless gas with a sharp smell, very easily liquefied, poisonous, 


and very soluble in water. 
With water, sulphurous acid is formed. 


SO; + HO > 2H* + $057 


With sodium hydroxide solution, a sulphite (excess alkali) and 
bisulphite (excess sulphur dioxide) are formed. 
20H- + 50; > SO;~ + H;O 
SO;- + 50; + H20 + 2HSO; 


It is a powerful reducing agent, especially in the presence of water. 
SO; + 2H20 — 2e > 4H* + SO; 


e.g. when sulphurous acid stands in air, sulphuric acid is slowly formed 


2H,SO3 + О; ^ 2950: 
ог 250; ~ + О; > 250; 7 
It reduces concentrated nitric acid to nitrogen dioxide. 
SO; + 2H* + 2МО; —2NO; + 2H* + SOF” 


It reduces ferric ions to ferrous ions in aqueous solution (colour 


change yellow to green).* 
2Fe*** + S057 + H20 > 2Fe** + 2H* + SO; 7 


It reduces chlorine water to hydrochloric acid. 


P THEE d T animas... 
Cla + HO > Ht + OCI + Ht + CF 


po TID Sd 
H+ + OCI- + H* + CI” + S05; - —2H* + 227 + SO;- 
chlorine water 
It reduces potassium permanganate solution (purple) to a solution 
containing manganous ions (colourless). 
* When the SO, is first passed in a red colour (due to complex ions) is produced, 
the green colour only coming after passing in the gas for some time. 
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2MnO; + 16H* + 10е > 2Mn*+ + 8H0 
5SO;~ + 5H;0 — 10e > 10H* + 580;- 


7 + 16H* + 5805 - + 5H,0 > 2Mn** + 8H;O 
AE у i + 10H* + 5507- 


2MnO; + 6H* + 5805 - > 2Mn** + 3H;0 + 580;- 


It also reduces sodium dichromate solution (orange) to a solution 
containing hydrated chromic ions (green). 


Cr207 - + 14H* + бе +> 2Сг+++ + THO 
350; - + 3H20 — бе > 6H* + 3S0;- 


Cr;0; - + 14H* + 3502 – + 3H20 ¬+ 2Сг+++ + 7H;O 
+ 6H* + 38507 – 


Cr2077 + 8H* + 3807- + 2Cr+++ + 4H,0 + 380; - 


Sulphur dioxide bleaches by reduction, e.g. wool, straw, sponges. 


Test for sulphur dioxide 


Provided an unknown gas has been shown not to be hydrogen sulphide, 
the fact that it decolourises potassium permanganate solution and turns 
potassium dichromate solution green shows that it is sulphur dioxide. 
Sulphur dioxide is also an oxidizing agent, For example, it oxidizes 
hydrogen sulphide to sulphur (in the Presence of moisture), burning 
magnesium to magnesium oxide, and lead dioxide to lead sulphate. 


2Н›5 + SO; > 2H20 + 35 
2Mg + SO; + 2MgO + § 


heat 
PbO; + SO; > PbSO, 


Test for sulphite ions 


(a) Treat the solid substance, or its aqueous solution, with dilute 
nitric acid and warm gently. Sulphur dioxide is evolved. 

(b) To a solution of the substance in deionized water, add barium 
chloride solution. A white precipitate, soluble in dilute hydrochloric 
acid, confirms a sulphite (provided it is not a soluble carbonate). 
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Uses of sulphur dioxide 


It is used as a bleaching agent, for destroying bacteria and fungi, and 
as a preservative in fruit juices. 
8.7 SULPHUR TRIOXIDE SO; 


Preparation 


Sulphur dioxide and oxygen are dried and passed over hot platinized 
asbestos as shown in fig. 8.4. 


280; + О, = 250; AH = —45 kilocalories (liberated) 


Preparation of sulphur trioxide 


Platinised 
Silica tube asbestos Rubber bungs 


Sulphur dioxide 


— Excess gas 
Heat E 


Crushed ice 


pa = + salt «3 
Concentrated sulphuric Sulphur Concentrated 


acid (to dry gases) trioxide sulphuric acid 


Fic. 8.4 


Since the melting point is 17°C, it can be solidified by collecting it 
in a flask surrounded by a freezing mixture when it is formed as a 


white solid. 
It is manufactured by the Contact process (8.8). 


Properties 
It is a white solid which exists as needle-shaped crystals. It reacts 
vigorously with water to give sulphuric acid. 


SO; + Н.О = 2H* + $0; 
With concentrated sulphuric acid it gives pyrosulphuric acid (fum- 
ing sulphuric acid, oleum). 


о 
SO; + 2H* + SO; > 2H* + S2077 
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8.8 SULPHURIC ACID (OIL OF VITRIOL) H;SO; 


This is manufactured by two processes, the first one being the more 
important and giving the purer acid, 


(a) The Contact process 


1. Sulphur dioxide (made by one of the methods given in 8.6) is mixed 
with air and purified by electrostatic dust precipitation (this involves 
passing the gases through a chamber in which a central wire electrode 
is at a very high electrical potential with respect to the other electrode: 
the dust particles become charged, stick to the electrodes and, on 
switching off the current, fall to the bottom of the chamber). ? 

4 mixture is passed over vanadium pentoxide (catalyst) at 


250; + О, = 250; 


The reaction is exothermic and the heat generated is used to heat u 
the mixture of sulphur dioxide and air entering the catalyst айы 
3. The sulphur trioxide is passed into concentrated sulphuric acid 
which absorbs it better than water, forming oleum H38;0;. On dilution 
this gives sulphuric acid of the required concentration. Hence, it is not 
necessary to transport wafer around the country; the fuming acid is 
transported and diluted as required. 


H3;8;0; + H0 > 2H2SO4 
Conditions 


Le Chatelier’s principle states that, when one or more of the factors 
determining a chemical equilibrium are altered, the equilibrium will ad- 
just itself to counteract, as far as possible, the effect of the changes. 

If the temperature at equilibrium in the catalyst chamber is а 
the equilibrium will attempt to lower the temperature. Since the for- 
ward reaction is exothermic, this can be achieved by the decomposition 
of sulphur trioxide into sulphur dioxide and oxygen. Hence. th for- 
ward reaction is favoured by low temperatures, In practice. nt - Sd 
ture of 450°C is chosen to give a reasonable rate of reaction and 5 the 
optimum working temperature of the catalyst. i 

Hence, temperature affects (a) rate of reaction, 
equilibrium mixture. 5 

Now let the pressure оп the equilibrium be raised. The equilibrium 
will attempt to lower the pressure. Since pressure is caused by the 
bombardment of a surface with molecules, and there is a сша on т 
the number of molecules in passing from left to right, the formation of 
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sulphur trioxide is favoured by high pressures. In practice this is not 
employed since sulphur dioxide would liquefy at high pressures. 

A catalyst speeds up the rates of the forward and reverse reactions 
to an equal extent, thereby aiding the attainment of equilibrium without 
affecting its position. Vanadium pentoxide УО; is chosen in practice. 

By the law of mass action (see 16.1), the equilibrium constant is 
given by the expression: 

[SO 
[SO2}[02] 

If the maximum yield of sulphur trioxide is to be obtained from a 
given weight of sulphur dioxide, an excess of air (oxygen) is needed. 


K= 


(b) The Chamber process 


The simplified processes here are as follows: 
SO; + HO + NO; + Н,50; + NO 


steam 
2NO + О, —2NO; 
air 
Intermediate products, notably nitrosyl hydrogen sulphate NO*HSO;, 
which are sometimes isolated in crystalline form (‘Chamber crystals’), 


have been identified. А 
The acid is of about 82 per cent concentration and often contains 


dissolved oxides of nitrogen, making it valuable for the manufacture 
of fertilizers. 


Properties of sulphuric acid 


The concentrated acid is very hygroscopic (hence its use in desiccators). 
It has a great affinity for water and there is considerable heat evolved 
when it is added to water. It is used as a dehydrating agent, i.e. it can 
remove water, or the elements of water, from chemical compounds (cf. 
drying is the removal of water not in chemical combination), for 


example: 
CuSO,.5H;0 — 5H;0 — CuSO, 


blue white 
H.COOH — HO > СОЇ 
formic acid carbon monoxide 
COOH 
| н.о ~ CO} + Сол 
СООН 
oxalic acid 


(Formates and oxalates also react in a similar manner.) 
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Cy2H22011 — 11H20 > 12C 


sucrose 


Hot concentrated sulphuric acid is a powerful oxidizing agent. 
28,50, + 2e + S0;- + SO; + 24,0 
For example, with copper turnings 
Cu — 2e > Cutt 


RELY URL S 5 
Cu + 2H* + S0;- + 2H* > Си++ + SO; + 2H;0 


A similar equation is obtained with hot concentrated sulphuric acid on 
charcoal (carbon). 


C + 29,50, — СО + 28021 + 2H;0 
Dilute sulphuric acid has all the general properties of acids (6.7). 


Test for sulphuric acid and the 
sulphate ion in solution 


Add barium chloride and dilute hydrochloric acid (to distinguish from 
the sulphite ion, barium sulphite being soluble in hydrochloric acid) 
when a white precipitate of barium sulphate is formed, 


Ba** + SO;- -> BaSO,| 


Sulphuric acid is dibasic and forms two series of salts, the sulphates 
and bisulphates, for example: 


(Na*),50; 7, Na*HSOz 


Uses of sulphuric acid 
1. Making fertilizers, e.g. superphosphate 


1 superphosphate 
eat 
А ———— 
Саз(РО,) + 28,50, —> 2CaSO, + Ca(H;PO,); 
insol. conc. soluble calcium dihydrogen phosphate 
vos heat RÀ 
or 2PO;-- + 4H+ + 28077 —> 280;- + 2H;PO; 


2. Cleaning metal surfaces before coating with a protective metal (the 
conc. acid is used). 


3. Making paints, e.g. the white pigment lithopone, which is a mix- 
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ture of zinc sulphide and barium sulphate. It is also used to make 

titanium dioxide, which is a white pigment. 

4. In the spinning of cellulose to give rayon. 

5. In lead-acid accumulators (contain 1 per cent sulphuric acid). 

Pb + PbO, + 29,50, > 2PbSOz + 2H20 (+ electrical energy) 

As the accumulator runs down the specific gravity of the acid de- 

creases from 1-25 to 1-15. 

6. In the manufacture of zinc by the electrolytic process. 

7. Manufacture of many important sulphates, e.g. CuSO4, ZnSO,, 

FeSO,, Alums. 

8. Removal of impurities from petroleum oil. 

9. Manufacture of explosives. 


8.9 QUESTIONS 


1. Describe the manufacture of sulphur by the Frasch process. How, 
and under what conditions, does sulphur react with carbon, sodium, 
sodium hydroxide, sulphuric acid? 

2. Explain the meaning of the term allotropy, with reference to sulphur. 

3, Give an account of the manufacture of sulphuric acid by the contact 
method. What factors govern the choice of conditions in this pro- 
cess? Give four uses of sulphuric acid. 

4. Give an account of the reducing properties of (a) hydrogen sulphide, 
(b) sulphur dioxide. What are the tests for these gases? 
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9.1 OCCURRENCE 


Nitrogen is present in the air (about 80 per cent by volume). It is 
present, in combination with other elements, in proteins. There is a 


continual circulation of nitrogen in nature, this being called the 
nitrogen cycle. 


The nitrogen cycle 


Bacteria in 
some roots 


Sewage ——> Sea 


Fertilisers 
e.g.(NH,) 1504, 
KNO; 


Chile r 


saltpetre 


Fic. 9.1 


Only relatively few plants (e.g. peas, beans, 
atmospheric nitrogen directly. АП others must abs 
soluble compounds in the soil. Thunderstorm: 
oxygen to combine forming nitric oxide which is oxidized to nitrogen 
dioxide and dissolved in rain water as very dilute nitric acid. This can 
react with compounds in the soil to form nitrates. 


clover) can take in 
orb it in the form of 
S cause nitrogen and 


9.2 PREPARATION OF NITROGEN 


Nitrogen is normally obtained from a cylinder. 


(a) *Atmospheric? nitrogen 


Air — CO; — О» — ‘atmospheric’ nitrogen 
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Preparation of ‘atmospheric’ nitrogen 


Well-packed with 
hot copper turnings 
(2Cu+O,—» 2Cu0) 


Air 
(displaced from а e 
bottle by water) Nitrogen 


Water 


Potassium G= 
hydroxide solution — 
(KOH + со; — K,CO,- Н;О) 


Safety trap. 


Fic. 9.2 


(b) Pure or ‘chemical’ nitrogen 
Heat ammonium nitrite (i.e. a solution containing a mixture of sodium 
nitrite and ammonium chloride, since ammonium nitrite is so unstable 
that it cannot be kept). 

NH; + NO; = №1 + 2H20 


Preparation of ‘chemical’ nitrogen 
Safety tube 


Solution of sodium nitrite 
and ammonium chloride 
Water 


Heat 
Fic. 9.3 


There is a difference in density between atmospheric and chemical 
nitrogen, and this discovery by Lord Rayleigh (1 892) led to the dis- 
covery of the Rare Gases. Nitrogen is formed when ammonium 
dichromate (orange) is heated, a green mass of chromium sesquioxide 


(chromic oxide) remaining. 


heat 
(NH1),Cr07- => Nat + (Cr (07s + 480 


This reaction cannot be controlled, once started. 
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A good controllable method is to pass chlorine into Excess 0:88 
ammonia. 


SNH + 3Cl; — № + 6NH,Cl 
Yet another method is to pass ammonia over hot cupric oxide. 
3CuO + 2NH; — N51 + 3Cu + 3H0 


9.5 MANUFACTURE OF NITROGEN 


"Nitrogen is manufactured by the fractional distillation of liquid air 
(7.3). 


. 9.4 PROPERTIES OF NITROGEN 


It is a colourless, odourless gas, density about the same as that of air, 
almost insoluble in water (about half as soluble as oxygen). It is very 
difficult to liquefy. 

It is very unreactive. It does not b 
bustion, except in the case of certain 
example: 


urn and does not support com- 
metals which form nitrides, for 


3Mg + N2 + (Mg aN» 
magnesium nitride 
Magnesium nitride is one which gives off ammonia when moistened 
with water and heated. 
Mg;N2 + 6H20 + 3Mg(OH), + 2NH3} 
N?- + 3H20 > 30H- + МН: 


Nitrogen combines with hydrogen to form ammonia (Haber process) 


М» + ЗН, =2NH; AH = —24 kilocalories (liberated) 


The elements are made to combine at 550°C under pressure (200- 
1000 atm). A catalyst of ferric oxide ‘promoted’ (or ‘activated’) by 
alumina is used. The conditions chosen give the most economical 
yield of ammonia but all the nitrogen and hydrogen are not used up. 
The ammonia is liquefied by cooling and unchanged nitrogen and 
hydrogen recirculated through the plant. 

The theoretical conditions can be derived by application of Le 
Chatelier’s principle (cf. 8.8). Let the temperature on the equilibrium 
mixture be raised. The equilibrium will attempt to lower the tempera- 


ture. Since the forward reaction is exothermic, the reverse reaction is 
endothermic and so high temperatures favour the decomposition of 


ammonia. Hence, the synthesis of ammonia is favoured by low tem- 
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peratures, In practice, a fairly high temperature is used in order to have 
a reasonable rate of reaction. Thus, temperature affects (a) rate of 
reaction, (b) composition of the equilibrium mixture. 

Let the pressure on the equilibrium mixture be raised. The equili- 
brium will adjust itself to lower the pressure. Since the forward re- 
action is accompanied by a diminution in the number of molecules, 
high pressures favour the synthesis of ammonia. 

A catalyst is used in order to help the attainment of equilibrium, so 
that the temperature used to speed up the reaction does not have to be 
very high (the higher the temperature, the lower the final yield of 
ammonia). SS 

Nitrogen combines with oxygen at high temperatures {о буе nitidi. 
oxide. } 


“~ کھت‎ 
№, + О; =2NO AH = 43 kilocalories (al sote) 
= 


9.5 AMMONIA NH; 


Preparation 


Ammonia is formed when any ammonium salt is 
alkali. 


NH; + OH- > МНз + НО 
Preparation of ammonia 


Ammonia (collected 
by upward delivery) 


Card cover 
Ca(OH), 


мс! Quicklime (СаО) 


to dry gas 


Fic. 9.4 


Any alkali can be used owing to the fact that (a) the base, ammonia 
solution, is so weak, (b) ammonia is very volatile. Hence, the weak base 


is displaced by the stronger one. 

It cannot be dried by concentrated sulphuric acid or anhydrous 
calcium chloride, since it reacts with them (H,SO, — ammonium 
sulphate, CaCl, — а complex, [Ca(NH3)s]*#(Cl-)2), but a tower of 
quicklime is used. 
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Ammonia can be obtained by heating ammoniacal liquor, obtained 
at the coal gas works, but this is normally converted directly to am- 
monium sulphate for use as a fertilizer. 

Ammonia is manufactured by the Haber process (9.4). 


Uses 


(a) It is converted to ammonium sulphate for use as a fertilizer. 

(b) It is converted to nitric acid. Ammonia and air are mixed and 
passed over a platinum-rhodium catalyst at 920°C forming nitric 
oxide. This is further oxidized to nitrogen dioxide which is reacted 
with water in the presence of air to give nitric acid. 


АМН; + 50; +> 4NO + 66,0 
2NO + О, + 2NO, 
4NO; + 2H20 + О, > 4HNO; 


(c) Liquid ammonia is used in refrigerators; when it evaporates, it 
removes heat from the surroundings. А 
(d) Ammonia solution is used as a domestic cleaner; it is used as a 


grease remover, but in laundries is usually used to control alkalinity 
of the medium. 


(e) Solvay process—see 19.3. 


Properties 


It is a colourless gas with a distinctive smell, lighter than air, can cause 
suffocation, easily liquefied, and extremely soluble in water; the 
fountain experiment can be performed with ammonia. With the clip 
shut the flask is inverted so that the lower end of the tube is immersed 
in water containing some red litmus Solution (see fig. 9.5). The clip is 
then opened and a little water is forced up into the flask by blowing 
through the tube A. The first drop of water to enter the flask dissolves 


all the gas in the flask. This creates a partial vacuum so that water is 


forced up through the jet in the form of a fountain. The red litmus is 
turned blue. 


In order to prepare ammonia solution, a funnel has to be used to 
prevent ‘sucking back’, cf. preparation of hydrogen chloride. 
When ammonia dissolves in water, there is a reaction to form an 
alkaline solution, the high solubility being due to the formation of 
hydrogen bonds (2.16) between ammonia and water molecules. The net 


effect is the formation of an entity which is loosely called ‘ammonium 
hydroxide’. 


NH3.H20 (or NH,OH) = NH; + OH- 
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The ‘Fountain’ experiment 


— Stout flask containing NH; 


Jet of water (litmus blue) 


Water + red litmus 


Fic. 9.5 


When passed over a hot catalyst ammonia splits up into its ele- 
ments. 
2NH3 > № + 3H; 


Ammonia is a good reducing agent. — 4 
(а) It does not burn in air but it will burn at a jet in oxygen. 


ANH; + 302 > 6H20 + 2N; 


When a mixture of ammonia and oxygen is passed over heated 
platinum, nitric oxide is formed (see earlier in this section). 
(b) When ammonia is passed over hot cupric oxide (tube well- 


packed), nitrogen is formed. 
3CuO + 2NH3 > Not + 3Cu + 3H20 


(c) Ammonia reacts with chlorine as follows. 
2NH; + 3С1„ + № + 6НС1 

Excess ammonia NH; + HCl > NH,Cl 

Excess chlorine NHs + 3Cla > NCI; + 3HCI 


nitrogen 
trichloride 
(explosive) 
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Test for ammonia 


(a) Smell " 

(b) Turns moist red litmus blue. 

(c) Turns Nessler's reagent brown. í e. 

(d) The blackening of mercurous chloride is a useful qualitative 
test. 


Ammonia solution, and ammonia gas, react with many acids to 
give ammonium salts, for example: 


NH;.H;O + H+ + CI- > NH} + CI- + H,O 
МН; + HCI -> NH,Cl (white fumes) 


Ammonia solution can precipitate the hydroxides of many metals 
from solutions containing their ions. Some hydroxides dissolve in 
excess ammonia solution forming complex ions (see 7.10), 

Most common ammonium salts 

(a) are soluble in water, 

(6) give ammonia when heat 

(c) are useful fertilizers, 

(d) sublime when heated (1.3). 

For example, ammonium chloride is a white solid which sublimes 
on heating, and this can be used to separate it from sodium chloride, 
which does not sublime. 


ed with an alkali, 


Cold water 


Sublimate of 
ammonium chloride 


Mixture of ammonium 
| chloride and sodium chloride 
Heat 


NH,Cl == NH, + на 
solid gas 


It is possible, using the apparatus of fig. 9.7, to show that dissocia- 
tion occurs when ammonium chloride is heated. This experiment relies 
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on the ability of ammonia to diffuse more rapidly than hydrogen 
chloride through a small plug of glass wool. 


_—— Moist red litmus paper — blue 


Solid ammonium Moist blue litmus paper — red 
chloride | 


Plug of glass wool 


Heat 
Fic, 9.7 


Ammonium chloride is used in dry batteries and in soldering. 


Ammonium sulphate is an important fertilizer. 
‘Ammonium nitrate is used in making nitrous oxide and explosives, e.g. 
amatol is a mixture of T.N.T. and ammonium nitrate in the weight 


ratio 20: 80. It is also an important fertilizer. 


Ammonium carbonate is present in smelling salts. 
Ammonium sulphide is formed when excess ammonia 1s passed into 


hydrogen sulphide solution. 
2NH;.H;O + HS > (МН,)›$ + 2H20 


It decomposes in air and light. 
2(NH4)25 + 2H;0 + O2 > 4NH3.H20 + 2S} 


It dissolves sulphur forming yellow ammonium polysulphide 
(NH,);S,, where x is a small whole number. 


9.6 NITROUS OXIDE N;O 


Preparation 
Heat on ammonium nitrate (or, better, a mixture of ammonium 
chloride and sodium nitrate). 
NH4NO; > N20 + 2H20 
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It is collected over hot water (or dried with concentrated sulphuric 
acid and collected over mercury). 


Preparation of nitrous oxide 


Mixture of КМО; 
and NH, CI 


Nitrous oxide 


1 


Heat 


Hot water 


Properties 


It is a colourless, Sweet-smelling gas, slightly soluble in cold water, but 
much less soluble in hot water. It is easily liquefied and denser than air. 
It is used as an anaesthetic in dental and other operations; if ad- 
ministered with oxygen it is very safe and effective. 

It sometimes causes hysterical laughter, hence its name ‘laughing 
gas’. It supports combustion of most substances since it decomposes 
at about 600°C. 

2N20 + 2N» + О, 


A glowing splint will cause this decomposition, Other burning elements 
will continue to burn in it, for example: 


S + 2N;0 + SO, + 2N; 


It decomposes far more easily than the other oxides of nitrogen 
(which have a greater proportion of oxygen in them), this being due to 
the smaller energy barrier (called the energy of activation) opposing its 
decomposition. 

It can be reduced to nitrogen by passage over hot copper or iron. 


N20 + Си > CuO + ма 


Nitrous oxide is a neutral oxide. 
146 


Nitrogen and its Compounds 


Distinction from oxygen 


Table 9.1 

Test NO о, 

(а) Mix with nitric oxide No reaction Brown fumes of 
NO; 

(b) Solubility in cold water Fairly soluble Almost insoluble 

(c) Smell Sweet and sickly None 


(d) Pass slowly over hot copper Nitrogen collected No gas collected 


9.7 NITRIC OXIDE NO 
Preparation 


(a) Half-concentrated nitric acid on copper 


3Cu + 8HNO; + 3Cu** + 6NO; + 4H20 + 2NOf 


Preparation of nitric oxide 


Mixture of equal volumes 


"ia c.HNO; and water 


Copper 
turnings 


Fic, 9.9 


The gas is collected over water, when most of the nitrous oxide and 
nitrogen dioxide dissolve. To purify it further, it is passed through 
ferrous sulphate solution to form a brown addition compound, nitrosyl 
ferrous sulphate FeSO4.NO (or [Fe(NO)]**SO;~) (the brown ring 
of the brown ring test). This is heated out of contact with air to give 
nitric oxide. (Alternatively, the gas can be dried with concentrated 
sulphuric acid and collected over mercury.) 
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Properties 


It is a colourless gas, density about the same as that of air, and is very 
sparingly soluble in water. wes 
It turns brown immediately on contact with air or oxygen. 


2NO + О; —2NO; 


It does not burn and does not support combustion, except when the 


substance burns sufficiently vigorously to decompose the gas (about 
1000°С). 


It is reduced to nitrogen when passed over hot copper or iron. 
2NO + 2Cu + 2CuO + N» 


Nitric oxide is a neutral oxide. 


9.8 NITROGEN DIOXIDE, МО», AND 
DINITROGEN TETROXIDE, N20, 


Preparation 


(a) The action of heat on nitrat 


8 es of metals below sodium in the 
electrochemical series. 


4NO; —4NO;1 + 20?- + O44 


Lead nitrate, Pb**(NO;5:);, 


А is generally used since it is always ob- 
tained anhydrous; water pres 


ent would cause the nitrogen dioxide 
Preparation of nitrogen dioxide 


— Oxygen escapes 


Lead nitrate 
(i) mehs m Liquid N,O4 
craci 
(ii) decomposes Я Freezing mixture 
| (ice/sale) 
Heat 
Fic. 9.10 
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liberated to form nitric acid. When heated, it decrepitates (crackles) 
brown fumes are seen to be evolved, and a yellow residue (lead monox- 
ide) is formed. 

The liquid collected (N204) should be yellow, but is often green 
because of traces of nitrogen pentoxide present. 

(b) Copper and concentrated nitric acid. 


p OE 
Cu + 4HNO; + Си++ + 2NO; + 2H;0 + 2NO2t 
(c) From nitric oxide and oxygen. 


Properties 


Dinitrogen tetroxide N204 is a colourless crystalline solid, m.p. 
—10°С. 

At 21°C it gives a light brown vapour containing №0; molecules. 
On heating, the colour darkens owing to thermal dissociation, this be- 
ing complete (into NO») at about 150°C. 


heat 
МО, = 2NO2 
cool 

Above this temperature, the colour gets lighter again owing to de- 
composition of the nitrogen dioxide into nitrogen and oxygen. 

A quantitative measure of the extent of dissociation of N2O4 into 
NO, at a given temperature can be obtained from a measure of the 
vapour density (2.22) and the vapour density of undissociated N204. 

Nitrogen dioxide supports combustion of strongly burning sub- 
stances, e.g. burning magnesium, phosphorus, sulphur. A glowing 
splint will not decompose it. 

It can be reduced to nitrogen by passage over hot copper or iron. 

2NO; + 4Cu > 4CuO + № 


Unlike nitrous and nitric oxides, nitrogen dioxide is acidic, being the 
mixed anhydride of nitrous and nitric acids. The fountain experiment 
(fig. 9.5) can be performed with it. 

4NO; = N20; + N20s 


nitrogen nitrogen 
sesquioxide pentoxide 


Then N20; + H20 + 2HNO; 
nitrous acid 


N20; + H;0 + 2HNO; 


nitric acid 


2NO; + HO > HNO: + HNO; 
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With solutions of caustic alkalis, a nitrite and nitrate are formed. 
2NO; + 20H- — МО; + NO; + HO 


Nitrogen dioxide is very poisonous since it forms nitric acid in the 
lungs. 


4NO; + 2H20 + O» (air) > 4HNO; 
9.9 NITRIC ACID HNO; 
Manufacture (see 9.5) 
Preparation 


Nitric acid is made by heating sodium or potassium nitrate with con- 
centrated sulphuric acid, the more volatile acid being displaced. 


heat 
NO; + 6,80, —— HSO; + HNO» 
(careful) 


Preparation of nitric acid 


Pin 


Conc.sulphurie Cold water 
acid + sodium 


nitrate 


Sink 


Fic, 9.11 
Brown fumes of nitrogen dioxide are seen in the retort owing to 
decomposition of nitric acid. 
4HNO; + 2H20 + 4NO2} + O44 
Properties 


Laboratory concentrated nitric acid has a concentration of about 68 
per cent. The pure acid is a colourless, heavy liquid, usually yellow 
owing to dissolved nitrogen dioxide, 
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Dilute nitric acid has all the general properties of acids except that 
it does not give hydrogen with metals (it is a powerful oxidizing agent). 
It forms salts called the nitrates, and generally oxides of nitrogen are 
evolved. The concentrated acid renders several metals ‘passive’, e.g. 
iron, aluminium (not attacked by acid of concentration greater than 90 


per cent). 
Nitric acid is a powerful oxidizing agent. 
Conc. 2HNO; + 2H* + 2e + 2NO; + 2H20 


Half-concentrated HNO; + 3H* + Зе > 2H;0 + NO 


For example: 
1. Copper and half concentrated acid (one observes the blue colour of 
the hydrated cupric ion, and brown fumes of NO;, formed by re- 


action of NO evolved with oxygen). 


3Cu — бе > 3Cu** 
2HNO; + 6H* + бе = 4H20 + 2NO 


3Cu + 2HNO; + 6H* > 3Cu** + 4H20 + 2NO 


2. Hydriodic acid (potassium iodide in acid solution) with half-con- 
centrated acid (one observes a change in colour from colourless to 
brown because of iodine liberated). 


6I- — бе > 3I; 
2HNO; + 6H* + бе — 4H;O + 2NO 


6I- + 2HNO; + 6H* > 3I; + 4H20 + 2NO 


With starch and acidified potassium iodide, one observes a blue 
colour, due to the complex formed between starch and iodine. | 
3. Ferrous sulphate in acid solution with half-concentrated acid (one 


Observes a change in colour from green to yellow). 


3Fe** — Зе ¬+ 3Fe*** 
HNO; + 3H* + Зе > 2H20 + NO 


3Fe** + 3H* + HNO; + 2Н,0 + NO + 3Fe*** 


Test for nitric acid and nitrate ions in solution 


The Brown ring test: To the solution is added freshly prepared ferrous 
sulphate solution. The tube is held at about 45° to the horizontal and 
concentrated sulphuric acid is poured down the inside to form a separate 
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layer at the bottom. A brown ring of FeSO,.NO where the layers 
meet indicates the presence of a nitrate. 


nitrate + conc. H5SO, — nitric acid HNO; 
nitric acid + ferrous sulphate — ferric sulphate + water + NO 
NO + FeSO, — FeSO;.NO 

If the cation associated with the nitrate ion gives an insoluble sul- 
phate, the solution is filtered after addition of ferrous sulphate. 

М.В. If a small quantity of a nitrate is warmed with a few cubic 
centimetres of concentrated sulphuric acid, pale brown fumes of nitro- 
gen dioxide (containing nitric acid vapour) indicates a nitrate. Allow the 
mixture to cool and add a piece of copper foil. Heat gently; the evolu- 
tion of deep brown fumes of nitrogen dioxide confirms the presence of 
a nitrate. [It is assumed that a bromide is absent, otherwise bromine 
(also brown) is liberated.] 

Also, with a nitrate in alkaline solution, ammonia is evolved 
(quantitatively) by Devarda’s alloy (Al, 45; Cu, 50; and Zn 5 per cent). 


The reaction can be used to estimate the concentration of nitrate ions 
in a solution, provided no ammonium ions are present. 


NO; + 4Zn + 70H- > NHst + 47пО;- + 26,0 
Nitrations 


Concentrated nitric acid can nitrate many organic compounds, both 
aliphatic and aromatic (see 10.3). For ex: 


ample, methane is nitrated in 
the vapour phase at 500°C, benzene by a mi 


1 at. xture of concentrated 
nitric and sulphuric acids when heated, and phenol by dilute nitric acid 
at room temperature. 
CH, + HNO; +> CH;.NO2 (nitromethane) 
NO, 


| 
н,50, 
+ HNO; —> H;0 + (nitrobenzene) 
= 


OH 
N | ro 
O + 3HNO; ——— + 3H30 (trinitrophenol) 
| 


NO; 


Aromatic nitration proceeds via the formation of a nitronium ion 
NO}. 
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Uses of nitric acid 


1. Explosives, e.g. trinitrotoluene T.N.T. CsH2.CH3(NO2)s, trinitro- 
cellulose (guncotton) CsH;02(NOs)s, trinitroglycerine C3H5(NO3)5, 
dynamite (a mixture of trinitroglycerine and kieselguhr, a form of 
hydrated silica). 

2. Making plastics, e.g. cellulose nitrate fibres; it is also an oxidizing 


agent in the manufacture of nylon. 
3. Making dyestuffs; the azo dyes are derived from aniline CsHs.NH2, 


which is derived from nitrobenzene CsH;.NOz. 
4. Making fertilizers, e.g. NH4NOs, Ca(NO3);, Nitrochalk (NH4NOs 


+ CaCo;). 


9.10 NITROUS ACID AND NITRITES 
Nitrous acid is formed when sodium nitrite reacts with ice-cold dilute 
hydrochloric or sulphuric acid. 

NO; + Н+ > HNO» 


On warming, this decomposes. 


3HNO; — HNO; + 2NO + H20 


Nitrous acid is both an oxidizing and a reducing agent. 
It oxidizes hydrogen sulphide to sulphur. 


HLS + 2HNO; > S + 2H20 + 2NOf 


It oxidizes potassium iodide in acid solution to iodine, and therefore 
turns starch-iodide paper blue. 
2NO; + 4H* + 2I- > 2NO} + 2H20 + Iz 


It reduces iodine in alkaline solution to iodine ions. 
І, + 20H- + МО > 2I- + NO; + Н.О 


Test for nitrites 

(a) If a solid nitrite is treated with dilute hydrochloric acid, nitrogen 
dioxide fumes (brown) are evolved in the cold. 

(6) If to a solution containing a nitrite is added freshly prepared 
ferrous sulphate solution followed by dilute sulphuric acid, a brown 
colour (FeSO,.NO) is formed. 
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9.11 QUESTIONS 

1. Describe one method by which you could obtain nitrogen (a) from 

the air, (b) from a nitrogen compound. What minor constituents 

would be present in the specimen obtained from the air? 

2. What are the uses of nitrogen? 

. Describe how nitrous oxide, nitric oxide and nitrogen dioxide could 
be obtained from nitric acid. Give a brief account of the properties 
of these oxides. 

. How may nitrous oxide be distinguished from oxygen? 

. Describe (i) the laboratory preparation and (ii) the manufacture of 
ammonia. How, and under what conditions, does ammonia react 
with (a) chlorine, (5) cupric oxide, (c) zinc sulphate, (d) cupric sul- 
phate, (e) ferrous sulphate, (f) oxygen? 

. Give an account of the nitrogen cycle in nature. 


. How would you show that ammonia is а compound of nitrogen and 
hydrogen? 
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10.1 ALLOTROPY AND PROPERTIES OF CARBON 


Carbon occurs free as diamond and graphite. In the combined state it 
occurs as carbon dioxide CO; in the air, as calcium carbonate in chalk, 
marble and limestone, with hydrogen in natural oils; it is partly free 
and partly combined in coal. 


Diamond Graphite 


(Hexagonal plate 
crystals) 


(Octahedral crystals) | 


Q 


@) 
Fic. 10.1 


The only allotropes (monotropes, see 8.2) are diamond and graphite. 
The so-called ‘amorphous’ carbons have been shown by X-ray analysis 
to be finely-divided forms of graphite. That both diamond and graphite 
are forms of the same element can be shown by burning equal weights 
of each allotrope in a stream of oxygen and absorbing the carbon 
dioxide formed in previously weighed bulbs of potassium hydroxide. 
In each case, the same weight of carbon dioxide is formed. 

Thecrystal structures of diamondand graphiteare different (fig. 10.1). 


‘Amorphous’ carbons include: 

(a) Wood charcoal—made by strongly heating wood in the absence 
of air; it absorbs gases and is used as a fuel in some countries. 

(b) Animal charcoal—obtained by heating bones and blood strongly 
in the absence of air. It contains 10 per cent carbon, the remainder 
being mainly calcium phosphate. It absorbs colouring matter from 
solution, e.g. litmus. е 

(с) Lamp black (and soot) is obtained when paraffin, turpentine, etc 
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Table 10.1 
Diamond Graphite 


1. Occurs naturally (S. Africa) Occurs naturally (Ceylon) 
2. Made commercially only by Made commercially by Acheson’s 
heating other forms.of carbon method, in which coke and sand 


under very high pressure are heated in an electric furnace 
SiO; + ЗС ¬+ SiC + 2СОї 
silicon 
carbide* 
SiC > Si + С (graphite) 
3. Octahedral crystals Hexagonal crystals 
4. Transparent, sparkle when cut Grey-black, shiny, opaque 
5. Hard Softer, greasy 
6. Higher specific gravity Lower specific gravity 
7. Non-conductor Conducts both heat and 


electricity; the weak bonds 
between sheets of carbon atoms 
is equivalent to ‘spare’ electronic 
charge, making graphite a 
conductor, since the heat or 
electric current is carried by the 


electrons 
8. Burns in air, 900-1000°C Burns in air, 700°C approx. 
9. Uses include gemstones, Uses include making electrodes, 
cutting tools, rock drillers ‘lead’ pencils, lubricant (the 


sheets of carbon atoms can slide 
over one another) 
are burnt in a limited supply of air. It is used in black paint and in 
printer’s ink, etc. 

(4) Sugar charcoal—a very pure form of carbon, made by charring 
pure sucrose in the absence of air (or with concentrated sulphuric acid). 

(е) Coke—made by the destructive distillation of coal (see 10.2). It 
contains about three-quarters of its Weight of carbon. It is used in slow 
combustion stoves and as a reducing agent (e.g. in the iron blast 
furnace). 

(f) Gas carbon—obtained as a hard deposit in gas retorts. It con- 
ducts electricity and is used in arc lamps. 

Coal is an impure form of carbon derived from wood. Wood con- 
sists mainly of cellulose and lignin (carbohydrates), the carbon content 
being about 50 per cent. When wood sank into the Earth in the Carboni- 

* Called carborundum. 
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ferous Age, it became compressed by movement of the Earth’s crust, 
forming coal and other solid fuels. The first stage in this natural modifi- 
cation is peat (used as a fuel and a fertilizer). Next comes lignite (brown 
coal) which contains about 70 per cent carbon. After this comes the 
ordinary domestic coal (70-80 per cent carbon) and finally anthracite 
(smokeless fuel). 


Properties of carbon 


1, It burns in a limited supply of air to form carbon monoxide and in a 
liberal supply of air to form carbon dioxide. 


2C + 0, > 2CO 
C+ 0; + CO; 


2. It reduces other elements when hot, e.g. S to give CS2, F; to give 


CF,, but not chlorine. А 
In order to see that this process is reduction, consider that the 


elements in question, which are all highly electronegative ones, are 
made up of two parts, (a) the electronegative element, (5) an electro- 
positive part of zero. When carbon reacts with them, the electropositive 
part is increased (since carbon is more electropositive than the elements 
in question) and therefore the elements have been reduced (see 4.1). 

3. It reduces many compounds when hot, for example: 


ZnO + С > Zn + СОЇ 
PbO + C— Pb + CO} 


In the laboratory, this type of reduction is done on a ‘charcoal 


block', using a mouth blowpipe. 
4. Carbon is insoluble in all known solvents. 


10.2 FUELS 
A fuel is a substance which burns in air with the liberation of much 
heat energy. 


(a) Gaseous fuels 
1. Producer gas; 2. Water gas; 3. Coal gas; 4. Natural gas. 


(b) Liquid fuels 


1. Petrol 


2. Oil | Petroleum products 
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(c) Solid fuels 


1. Wood; 2. Peat; 3. Lignite; 4. Coal; 5. Coke; 6. Anthracite; 7. Smoke- 
less fuels. И 2 i 3 

The value of a fuel is assessed by its calorific value, this being the 
heat obtained by combustion of a definite amount of fuel (usually ex- 
pressed in calories per gram or British Thermal Units per pound, or 
cubic foot). ; 

l calorie is the heat required to raise 1 gram of water 1 degree 
centigrade 2 Ј 

1 Btu is the heat required to raise 1 lb of water 1 degree fahrenheit 


Calorific values can also be quoted in joules, e.g. ordinary coal 
7,500 cal/g, petrol 10,000 cal/g. 

Calorific values are used in nutrition studies, e.g. butter 7-9 kilocal /g, 
sugar 4-1 kilocal/g, potatoes 0:7 kilocal/g. 


Water gas and producer gas 


When air is passed over red-hot Coke, producer gas is formed. 
air 


p m i 
2C + 0; + 43, > 2CO + 43, AH = —27 kilocalories (evolved) 
When steam is passed over white-hot coke, water gas is formed. 
C + H20 > СО +H, АН = +32 kilocalories (absorbed) 


The hot coke in a large cylindrical container has air and steam 
passed through it alternately. The air raises the temperature and the 
steam lowers it. If the air and steam are passed in in the correct quanti- 
ties to maintain the temperature constant, semi-water gas (Mond gas) 
is formed. 

Water gas is a better fuel than producer gas (the nitrogen here will 
not burn). 

A mixture of carbon monoxide and hydrogen, similar to water gas, 
is formed from methane (ex petroleum oil), as mentioned in 6.3. > 

Uses of water gas (or any mixture of carbon monoxide/hydrogen) 
include: 

1. Fuel 
2. Manufacture of hydrogen (see 6.3) 
3. Manufacture of methanol CH;0H* 
ZnO, Cr203, 400°C, 300 atm 
CO + 2H; > СНАОН 


* Methanol is a component of “ methylated spirit.” 
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By altering the conditions, higher alcohols are formed. Producer gas 
is used mainly as a fuel. 


The production of town gas 


Within a few years, it seems likely that only about 50 per cent of town 
gas will be derived from coal. Basically, modern gas can be regarded as 
having three main components, (а) the lean gas (mainly hydrogen), 
(b) the enriching gas (e.g. methane), (с) the inert ballast (e.g. nitrogen 
and carbon dioxide) to keep a constant density. The enriching gas is 
needed since the town gas is sold at a declared calorific value which is 
often greater than that of the basic gas. 

The price of coal suitable for gas-making has risen sharply over the 
past few years (over 80 per cent rise, 1954-64), whereas the price of oil 
has risen far less sharply. Improvements to the standard gas-works 
procedure (to be discussed shortly) have followed the following lines: 

(a) Production of lean gas from cheaper forms of coal. 

(b) Production of lean gas from petroleum fractions. 


(c) Use of natural gas. 
(d) Use of fuel gas (mainly methane) from other sources. 


The standard gas works procedure 


Coal gas is a mixture of gases formed by destructive distillation of coal 
and contains, by volume, about 50 per cent hydrogen, together with 
methane, carbon monoxide, ethylene, and small amounts of other gases. 

The distillate from coal also contains many other valuable chemicals 
which are undesirable in the gas to be used domestically, but which are 
needed in other ways. The equipment of the gas works is therefore con- 
cerned primarily with the removal of such materials. The layout of a 
typical plant is shown in fig. 10.2. 

The coal is distilled in vertical retorts, the residue (coke) being with- 
drawn at the bottom and the coal put in at the top. The retorts are 
heated by burning producer gas; the coke not required for producer 
gas manufacture is cooled and used as a fuel. From the retort, the 
brown/yellow volatile material passes through long lengths of tubing to 
cool it (these tubes may be air- or water-cooled); much tar and am- 
monia solution condense out of the volatile material (the water comes 
from the coal) and are run out of the bottom of the condenser. The 
gases then pass through a rotary pump (exhauster) which drives the gas 
through the remaining stages. In the Livesey washer, the gas is forced 
upwards through perforated metal plates immersed in water; here 
more ammonia is absorbed and tar (which is present in the gas as a 
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The Gas Works 


Vertical 
retort 


Electrostatic 
precipitator 


Exhauster Ammonia Benzene 
(pump) scrubber extractor 


Cooler and Livesey 
washer 


Condenser | | 


Hydraulic main 
(acts as a ‘seal’ and 
collects some tar) 


Air and fuel 


gas to 
heat retort 


Ammonia 


Fic. 10.2 


fog) is removed. The electrostatic precipitator removes the rest of the 
tar; the gas passes upwards through a chamber containing two metal 
plates between which a large potential difference is maintained, the tar 
particles becoming electrically charged and sticking to the plates. 
Final removal of ammonia is accomplished in the scrubber where the 
Bas, travelling upwards, meets a downward Stream of water passing 
over rotating paddles. The purifier removes hydrogen sulphide. It con- 


sists of trays of moist hydrated ferric oxide, and the removal of hydrogen 
sulphide can be represented as fi ollows: 


2Fe(OH); + 3H;S -> Бе,5, + 6Н,О 


The oxide must be kept wet and slightly alkaline for the reaction to 
occur. The ‘spent oxide’ is exposed to air when sulphur is liberated and 
the oxide regenerated, 

The gas is then treated to remove benzene by washing the gas with 
oil (from which the benzene can be removed by fractional distillation) 
or by passing the gas over activated charcoal which adsorbs (takes on 
to its surface) the benzene (from which it can be subsequently be dis- 
tilled off). Charcoal (but not oil) also removes carbon disulphide from 


the gas. If this is not done, the carbon disulphide can be removed by 
passing the gas over nickel at 450°C, 


CS; + 2H; > 2H;S Sue 


(in gas) 
The hydrogen sulphide is then removed as previously mentioned. 
The gas is finally passed through a meter and stored in a gasholder. 
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Gasification of low grade coal 


This principle is used in the Lurgi process, which originated in Germany 
in 1927, the first full scale plant operating in 1936. After many tests it 
was found that British low grade coals were suitable for the process and 
a plant was opened by the Scottish Gas Board at Westfield in 1961. 
The gas-making vessel is similar to that in a producer gas or water gas 
plant. Lurgi gas is generated by the reaction of steam and oxygen with 
the coal at about 30 atmospheres pressure. Some form of stirring is 
needed to prevent ‘caking’ of the coal. Proportions of steam and 
oxygen are controlled so that the reaction is exothermic. No coke is 
formed, but some tar and other by-products are recovered. Enrichment 
of the gas is necessary. 


Gasification of oil 


Several factors have led to the introduction of oil gasification on a 
large scale, e.g. relative price movement of oil compared with coal, 
easier handling of oil because of its fluid state, and the ready availability 
of petroleum fractions. 

There are many types of plant used in the United Kingdom and 
these fall into the following main categories: _ 
(a) Cyclic steam reforming, e.g. the Onia-Gegi process. 
This can be represented: 


C,H, + mH20 = пСО + (m + 4n)H2 
and CO + HO = CO; + Н, 


The reaction vessel contains a nickel catalyst and is heated by a 
mixture of air and vaporized oil *feedstock'. When a temperature of 
about 900°C is reached, air is replaced by steam. Waste heat in the 
first part is used to produce steam and vaporize the-feedstock, where 
this is insufficiently volatile. 1 [ 

Тһе process can produce either a gas which can be used direct, or 
one which can easily be enriched to town gas requirements. The calorific 
value of the gas depends on the feedstock and exact operating tempera- 


ture. 


(b) Continuous catalytic reforming 

Here the vaporized feedstock, mixed with steam, is passed under 
pressure through a number of alloy tubes packed with a catalyst 
(containing nickel). The reaction taking place is endothermic and heat is 
provided by burning light oil distillate around each tube. The gas is 
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purified by removal of carbon monoxide (see later) and enriched to 
town gas requirements. It is claimed that the raw materials can be 
converted to processed gas in as little as 90 seconds. 


(c) Enriched gas from oil 
Gas is often ‘lean’ when first produced and so requires enriching to the 


required calorific value. One way in which this can be done is to add 
methane or butane. 


Use of natural gas 


Natural gas consists mainly of methane. Use is now being made of 
the natural gas deposits in the Sahara. Searches have been made for 
natural gas in the North Sea (and gas was discovered there in Dec. 
1965) and another major source has been found in Holland. Much 
methane is used for enriching and for reforming to town gas. 


Detoxification of town gas 


For some time carbon monoxide has been removed from town gas 


in order to lessen the chance of accidental poisoning. This is usually 
done by applying the ‘water gas shift reaction’. 


CO + HO = СО, + Н, 


The gas is mixed with steam and passed over a catalyst of chromic 
and ferric oxides at 400°C, Converting all but 2 or 3 per cent of carbon 
monoxide to the dioxide. This can be absorbed and hydrogen sulphide 
removed in several ways, including washing with diethanolamine, 


absorption in activated potassium carbonate solution, or absorption 
in hot potassium carbonate solution, 


С0;- + СО, + H;0 > 2HCO; 
CO;- + HS > HCO; + HS- 


Coal tar 


Coal tar is a black viscous liquid which is fractio 
variety of products: 
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Table 10.2 
Tar 
Middle oil ^ Heavy oil Green oil 
(Carbolic (Creosote (anthracene Residue 
Light oil oil) oil) oil) (pitch) 
(b.p. up to  (b.p.170- (b.p. 230- (b.p. 270- 
170°C) 230°C) 270°C) 360°C) 
} Y Y 
benzene phenols naphthalene 
toluene cresols anthracene 
xylenes 
% by 
vol. 2 8 16 12 62 


Benzene is used as a solvent, in motor spirit, and in the manufacture 
of many compounds, e.g. nylon. Toluene is used in the manufacture of 
explosives (e.g. T.N.T.). Naphthalene is used in making dyestuffs and 
mothballs. Phenol is used in making plastics, dyestuffs, and as an 
antiseptic. Pitch is used for roofing buildings. 

Ammoniacal liquor contains about 2 per cent ammonia. It is con- 
verted to ammonium sulphate for use as a fertilizer. 

Flames are formed when gases react together to give so much heat 
that the products become incandescent (give out light). A substance 
will not burn until its temperature exceeds the ignition temperature. 


(a) Types of flame produced with the bunsen burner 


(b) Candle flame 


Luminous Non-luminous 
: 2265р 
BES: Mee 
Q P 
ia — 
x id Y 


(i) Air holes shut 


(ii) Air holes open 


Fic. 10.3 


X — blue zone, complete combustion 

Y — cold zone, unburnt gas | 

Z = yellow zone, incomplete combustion . 

P — mauve zone, non-luminous, complete combustion 
Q — light blue zone, incomplete combustion 
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Table 10.3 
Luminous Non-luminous 
1. Unsteady Steady 
2. Not very hot Hotter 
3. Quiet Noisy е 
4. Deposits soot on plate held in it Deposits no soot 
5. Pure gas burns in air Gas/air mixed and burned in air 


10.3 TERMS USED IN ORGANIC CHEMISTRY 


Organic chemistry is the chemistry of carbon compounds. It is extensive 
because carbon atoms can link in chains and rings. 

The valency of carbon in all stable compounds is four, the covalent 
bonds being directed towards the corners of a tetrahedron. 


| 


Gann 


Saw. 


— in front ---- behind 


An homologous series is a series of compounds in which every mem- 
ber can be prepared by similar methods, has similar chemical proper- 
ties, can be represented by a general formula, and each member differs 
from the preceding one by the addition of a methylene = CH; group, 
for example: 

р Paraffins СЕН у> 
Primary aliphatic alcohols C,H5,,;. ОН 


A functional group is an atom or group of atoms which determines 
the characteristic reactions of a particular homologous series. Thus, all 
alcohols contain the hydroxyl group (— OH), all primary amines con- 
tain the amino group (—NH,), etc. : 

Groups of general formula C;Hz,,, are called alkyl groups, e.g. 
methyl СНз, ethyl C,Hs, propyl C3H;. 

Organic compounds can be classified as aliphatic or aromatic. The 
former contain open chains of carbon atoms, e.g. 


JANE 
propane EE 
ннн 
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while the latter contain one or more benzene rings 


If a compound contains atoms linked by single covalent bonds, it is 
said to be saturated, e.g. propane CH; .CH; .CH3, ethanol CH; .CH2.OH. 
If a compound contains atoms linked by double or triple covalent 
bonds, it is said to be unsaturated, e.g. ethylene H;C— CH», acetylene 
CH;.C-0, 
HC=CH, acetaldehyde | methyl cyanide CH;.C=N. 
H 


The empirical formula of a compound is the simplest possible for- 
mula, giving the relative number of each kind of atom in the molecule. 
It can be determined from an analysis of the pure compound. 
Example: The empirical formula of benzene is CH. 

The molecular formula is the formula representing the actual number 
of each kind of atom in the molecule. It is deduced from the empirical 
formula and the molecular weight. 

Example: The molecular weight of benzene is 78, i.e. its molecular 
formula is (СН), ог CeH, since the weight of the empirical unit is 13. 

The structural formula of a compound is the formula giving the 
manner in which the atoms are arranged within the molecule. 
Example: Benzene has a ring structure (see earlier in this section). 

The structural formula can be deduced only after an extensive 


examination of the properties of the compound. 


Example on calculation of empirical formula 
А compound had C 65:45 per cent, H 9:09 per cent, N 25:45 per cent. 


Its M.Wt was 55. 


С = н : N 
% composition 65:45 9:09 25-45 
Relative number of atoms present | 65-45 9-09 25-45 
% composition divided by 12 1 14 
At. wt. 5.45 9-09 182 
3 5 1 


Divide by smallest 


165 


Concise Certificate Chemistry 
empirical formula = C4H5N (wt = 55 units), i.e. molecular formula is 
also C3H5N. A possible structural formula is С,НАСМ (ethyl cyanide). 


нн 


[у 
и 
H H 


The structural formulae of some compounds are very complicated, 
for example: 


Piet tte A o 
Ра " d 
H—C—C—C-C—C—C—N- C— (fü к 
| LI Pu 
HH H O=C_N—_c_H 
| 
O-C—O—H 
Penicillin 
DE 3 n HH HH 
| || | | 
res | ر‎ P ua 
N 
H—C—O (о о ос" “а 
ED ies Bad | “с 
С 
H—O—C_H HH ZN вон 
| ci а 
н а 
Vitamin С D.D.T. (an insecticide) 
РО, 
“iyere eedd det 
| 
ннининнннийийїнйй ah ^он 
Stearic Acid 
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iso-butane 
H 
n-butane | 
toe КАЗ: 
| 
SII вон 
| 
H HHH H H H 
ethanol dimethyl ether 
LT MW. 
| 
ЕЗДЕ NC A. ње 
| 
H H H H 


Polymerization is the name given to the process whereby two or more 
simple molecules (monomers) are joined together to form a new 
compound (polymer) of the same empirical formula but higher mole- 
cular weight. This refers to addition polymerization. In condensation 
polymerization, small molecules such as water, are eliminated. In 
copolymerization, two or more different monomers are present. 

Natural polymers include proteins (e.g. fibroin in silk, keratin in 
hair) and starch (a condensation polymer of glucose molecules). 

Proteins have the general formula 


R 


| | 
... -NH—CH—CO—NH—CH—CO—NE\. . . 
peptide iink (R, R' are generally alkyl groups) 
On warming with a dilute mineral acid, a protein is hydrolysed 


(7.11) to a mixture of amino acids, having a general formula 
R.CH(NH;).COOH, 


e.g. glycine NH;. CH;. COOH. This mixture of acids can be separated 


by chromatography (1.6). ў 

Plastics are man-made polymers. A plastic is a substance of high 
molecular weight which, at some stage during its manufacture, can be 
moulded by heat or pressure (or both). Thermosoftening plastics 
become soft when heated and can be softened and moulded several 
times without change of properties. They have structures with linear 


chains of carbon atoms. 
—X—X—X—X—X—X— 
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Thermosetting plastics are infusible once set and cannot be re- 
moulded. Their structures consist of a network of carbon atoms. 


Plastics can have their properties altered by plasticizers and can be 
coloured by dyes and pigments. Fillers are used to increase the bulk of 
the plastic. 


Examples 


Thermosoftening: polythene (polyethylene) (C2H4),, polyvinyl chloride 
(P.V.C.) (HC— CHCI),, polystyrene (CsHs.CH—CH.),. 

Polythene can be manufactured by heating ethylene at 200°C under a 
pressure of 1000 atm or at a lower pressure in the presence of certain 
catalysts. It is an excellent electrical insulator, is easily moulded, blown, 
or cast into films, and is readily coloured. It is used for packaging and 
coating materials, making household goods such as beakers, making 
Pipes, and for insulation (e.g. transatlantic telephone cable). 

P.V.C. is resistant to fire and weathering and is a good electrical 
insulator. It is used for making household goods, for electrical insula- 
tion, for leathercloth, for drainpipes and gutters, and for toys. 

Thermosetting plastics include bakelite (phenol/formaldehyde resin), 


and urea or melamine/formaldehyde resins. Both urea/formaldehyde 
and melamine/formaldehyd 


© can be coloured easily and can be 

moulded under pressure to form tableware (e.g. Melaware). They can 

be used as ion-exchange resins, e.g. to deionize water, as the NH2 
groups present combine with acidic groups in the water. 

Synthetic fibres include nylon 66 and terylene. The former contains 

peptide links 

—(CH3)s.NH.CO.(CH;),.CO. NH— 


Nylon 66 can easily be prepared on a 
of dilute ammonia solution are added to 5 cm? ОЁ 5 per cent aqueous 
hexamethylenediamine. Then 5 cm? of 5 per cent adipyl chloride solu- 
tion (in carbon tetrachloride) are cautiously added, ensuring that the 
layers do not mix. A thread of nylon can be drawn from the interface 
with a fine wire loop. 

Terylene is a condensation polymer of ethylene glycol (CH;OH)2 
and terephthalic acid HOOC.C,H,.COOH, the structure being 
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—CH2.00C —COO.CH;— 


It forms permanent creases (in trousers, skirts, etc). 
Silicones are polymers containing siloxy-chains. 


| | 
E 


They have several valuable properties, e.g. water-repellency, electri- 
cal insulation, anti-stick, anti-foam, constancy of physical properties 
over a wide range of temperature, etc. 


10.4 METHANE CH, (marsh gas, firedamp) 


Methane is a paraffin hydrocarbon (alkane), compounds of the general 


formula C,H;, +2۰ Я 
It can be prepared by heating anhydrous sodium acetate 


CH3;COONa with soda lime (effectively sodium hydroxide). 
CH3COO- + OH- — CH4t + CO;~ 


This is a general method for paraffins, e.g. ethane C,H, can be 
made by heating anhydrous sodium propionate C.HsCOONa with 


soda lime. d "m Р ў 
Methane alone сап be made by treating aluminium carbide with 


water. 
Al,C3 + 12H20 > 4Al*++(OH-)3} + 3CH41 
GAI*++, SE) 


Methane is a colourless gas which is insoluble in water (molecules 
of hydrocarbons do not interact with water molecules), 
It burns in air forming carbon dioxide and steam. 


CH, + 20; + СО, + 2H20 АН = —213 kilocalories (evolved) 


Because methane is a saturated compound it reacts by substitution, 


for example: 
1. With chlorine in diffused sunlight. 
CH, + Cl; > сња + НСІ 
methyl chloride (monochloromethane) 
СНз! + Cl; > CH2Cl + НСІ 
methylene dichloride (dichloromethane) 


169 


Concise_Certificate Chemistry 
CHCl, + Cl; > CHCl; + на 


chloroform (trichloromethane) 


CHCl; + Cl; > CCl, + HCl 


carbon tetrachloride (tetrachloromethane) 
2. With nitric acid in the vapour state at 500°C, nitromethane is formed. 
CH, + HNO; > CH3NO; + H;O 


Uses 


1. Fuel. 
2. Making hydrogen (6.3) and methanol (see uses of water-gas). 
3. Making carbon black and acetylene. 
1200°С 
CH, —> С + 2H; 


2CH, — С.Н, + 3H; 


Я N.B. Ethane C;Hg is present in natural gas and has properties 
similar to those of methane. 


Carbon black is compounded into rubber to strengthen tyres, and is 
also used in printer’s ink. 


10.5 CRUDE OIL 


This has been formed in oil wells by the decomposition of animals and 
plants by bacteria under very high pressure. Oil, together with ‘natural 
gas’, is found in shallow parts of seas where the water contains an 
abundance of animal and vegetable life, and plenty of micro-organisms. 


| Crude oil can be separated by fractional distillation into the follow- 
ing fractions: 


Table 10.4 
OIL 
Light Heavy 
Gas Petrol Kerosene gas oil gas oil Residue 


(b.p. below (b.p.40-  (b.p.150- (b.p.220- (b.p.250- (b.p. above 
40°C) 175°C) 240°C) 250°C) 350°C) 350°C) 


The residue is separated by further fractional distillation under reduced 
pressure into lubricating oils, greases, waxes and bitumen (used to 
make roads, as an insulation material, etc). 
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The paraffin gases and vapours can be separated by gas chromato- 
graphy (see 1.6). 

The petrol fraction contains a mixture of low molecular weight 
hydrocarbons with straight-chain structures. These are liable to cause 
‘knocking’ (premature combustion in 
the cylinder of the engine) and are 
converted to ‘branched’ or ring com- 
pounds, which cause much less knock- 
ing, by various processes including 
reforming (heating under pressure to 
give ring compounds), catalytic re- 
forming (the same as reforming except 
that a catalyst is used, e.g. platinum), 
polymerization, and alkylation (for- 5 10 15 20 25 30 
mation of 'branched' chain com- 
pounds). A petrol can be improved Time (min) 
by the addition of ‘antiknock’, lead Fic. 10.4 
tetra-ethyl, Pb(C2Hs)s, but the de- ^ separation of petroleum frac- 
tailed mechanism is not known. tion, adsorbed on alumina, by 

The light gas oil can be broken hydrogen. 
down into hydrocarbons with lower A = air B — ethane 
molecular weight by ‘cracking’ (ther- С = propane D = isobutane 
mal or catalytic). The process gives Е = butane F, С = pentanes 
mainly olefins plus a range of liquids. 

In a 'cat-cracker', the vapour is passed over a catalyst of silica and 
alumina at 400-500°C. The liquid distillate from cracking contains 
many valuable *branched" hydrocarbons (used as petrols). 

The heavy oil is used as diesel oil. 


Porous pot chippings 


Detector response (mV) 


Asbestos wool 
paraffin oil 


Fic. 10.5 


Paraffin oil can be ‘cracked’ on а small scale by pouring it into a 
test-tube to a depth of about 1 inch, adding asbestos wool to soak up 
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the liquid, filling about 3 inches of the tube with porous pot chippings, 
and heating the middle of the tube. If the gases are passed into bromine 
water (or dilute alkaline potassium permanganate), the reagent is de- 
colourized, showing that an olefin is present. 


10.6 ETHYLENE C,H, 


Ethylene (ethene) is an olefin hydrocarbon (alkene), compounds of 
general formula C;H;,. It can be prepared by heating ethanol with 
excess concentrated sulphuric acid at 160°C. 


C;H50H — ЊО + CH, 


Commercially, it is obtained by the ‘cracking’ of a fraction from 
petroleum oil. A mixture of olefins is obtained which can be fraction- 
ated. To obtain a high yield of lower members of the olefin series, 


rather than higher members, the petroleum fraction is cracked with 
steam at 700°C. 


It can also be made by the ‘cracking’ of ethane at high temperatures. 
С.Н, > ОН, + Н, 


Ethylene is a gas which is insoluble in water. 
It burns in air forming carbon dioxide and water. 
он, + 30» > 200; -2H;0 AH = —334 kilocalories (evolved) 
It is an unsaturated compound which contains a double covalent 
bond. 
< H 
H2C=CH, or C=C 
A TPS 
H H 
It therefore reacts primarily by addition, 
1. With bromine in carbon tetrachloride it 
The bromine is decolourized, and this serves 
tion of ethylene. Bromine water is also decol 


for example: 

gives ethylene dibromide. 
as a test for the unsatura- 
ourized. 


НС=СН; + Вг, > BrH;C—CH;Br 

ethylene dibromide 
2. It has similar reactions with hydrogen bromide (to give ethyl brom- 
ide CH;CH;Br), hydrogen in the presence of nickel at 150°C (to give 
ethane CH;—CHs), concentrated sulphuric acid at room temperature 
(to give ethyl hydrogen sulphate CH3CH2HSO,), dilute alkaline potas- 
sium permanganate (to give ethylene glyco] HOCH,—CH,OH, this 
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being the addition of hydroxyl groups, OH, and since the permanganate 
is decolourized again serving as a test for the unsaturation of ethylene), 
oxygen in the presence of a silver catalyst (to give ethylene oxide, see 
below), and ozone (to give ethylene ozonide, see below). 


HC 

l^ а ais 
Ha 

A “ы ~ 

HC 
ethylene oxide 
Ethylene polymerizes to give polythene (polyethylene), (C2H4),. The 
conditions used are high pressures and 200°C in the presence of oxygen 


as catalyst. 


le к 


10.7 ACETYLENE C;H; 
Acetylene (ethyne) is an acetylene hydrocarbon (alkyne), compounds of 


general formula C,H2,-2- 
It is prepared by dropping water on calcium carbide, acetylene be- 


ing evolved as a colourless gas, and collected over water. This can be 
thought of as the displacement of the weak acid СН» by the stronger 
one H20. 

Cat+(C=C)-- + 2H20 > C;H;1 + Cat (OH); 


It burns in air forming carbon dioxide and water. 
CH + $0; —2CO; + Н.О АН = —313 kilocalories (evolved) 


It is an unsaturated compound with a triple covalent bond. 


It therefore reacts primarily by addition, e.g.: 
1. With chlorine in the presence of iron filings and silica (to moderate 


thereaction) it gives 1: 2 dichloroethylene and 1 : 1, 2:2tetrachloroethane. 


HC=CH + Cl; > CIHC—-CHCI 
1:2 dichloroethylene 


CIHC- CHCI + Cl; + С„НС—СНС1» 
1:1, 2:2 tetrachloroethane 
2. With hydrogen in the presence of nickel at 150°С it gives ethylene, 
then ethane. 
HC=CH + Н, > H2C=CH2:H2C=CH2 + Н; > H3C—CH,; 
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3. With hydrogen chloride, vinyl chloride and ethylidene dichloride are 
formed. 


HC=CH + НСІ — H;C-—CHCI: H;C—CHCI + НСІ 
vinyl chloride = CH;—CHCl, 
ethylidene dichloride 
4. When acetylene is passed into dilute sulphuric acid at 60°C in the 
presence of mercuric sulphate as catalyst, acetaldehyde (СНАСНО) is 
formed. Aldehydes are compounds of the general formula R.CHO, 


where R is an alkyl group (in the aliphatic series), The reaction is 
effectively the addition of the elements of water. 


HC=CH + H;0 > CH4CHO 
Acetylene polymerizes when passed through a red-hot glass tube to 


give some benzene. 
heat 


3HC=CH —> СН, 


benzene 
Acetylene forms red cuprous acetylide when passed into ammoniacal 


cuprous chloride solution. The ammonia removes any hydrochloric 
acid which would be formed (this would decompose the acetylide). 


СН, + 2CuCl + 2NH; > Cu,C,} + 2NH,Cl 
red 
With ammoniacal si 
Ag2Cz is formed. 


These reactions enable acetylene to be distinguished from ethylene. 


lver nitrate solution, yellow silver acetylide 


10.8 BENZENE C,H, 


Benzene is the simplest aromatic hydrocarbon. It is obtained either 
from coal tar (by fractional distillation) or from petroleum oil. 
It has the structure shown below, 


FETE 


PET 
C—C 
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Benzene ought, from its formula, to react in a manner similar to that 
of ethylene, but it is much less reactive. This means that its structure 
cannot really be represented as simply as given above, but the latter 


will suffice for the present study. 
Benzene is a colourless liquid (b.p. 80°C) which is insoluble in 


water, though soluble in organic solvents. 
It burns with a smoky flame to give carbon dioxide and water. 


СН, + 220, > 6CO; + ЗЊО AH = —783 kilocalories (evolved) 


It reacts primarily by substitution, for example: 
1. With chlorine in the presence of a ‘halogen carrier’, such as iron 


filings or iodine, it gives chlorobenzene. 
СН + Cl; > CeHsCl + НСІ 

2. With a mixture of concentrated nitric and sulphuric acids, not ex- 
ceeding 50°C, it gives nitrobenzene. 

СеНе + HNO; > CsHsNO2 + H20 
3. With hot concentrated sulphuric'cid, it gives benzene sulphonic acid. 

СН; + Н,50; = CeHsSO20-H* + H20 

4. With methyl chloride in the presence of anhydrous aluminium 
chloride, it gives toluene (the Friedel-Crafts reaction). 

СН; + CH3Cl > CsHsCHs + НСІ 
Benzene also undergoes addition reactions, from example: 
1. With hydrogen in the presence of nickel at 150°C, cyclohexane is 


formed, 
H2 


CeHe + ЗН, > | | 
H;C 
SZ 
С 
H2 
CeHi2 
2. With ethylene in the presence of anhydrous aluminium chloride, 


ethyl benzene is formed 
СеНв + C2H4 > CeHs.C2Hs 
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109 ETHANOL (ETHYL ALCOHOL) C,H;0H 


Ethanol is a primary aliphatic alcohol, these being compounds of the 
general formula R—CH,OH, where R is an alkyl group. All primary 
alcohols contain the grouping —CH;OH. 

Ethanol has the structure shown below. 


TR 


It is formed when sucrose or glucose is fermented by yeast, for ex- 
ample: 


CsHı206 > 2C;H50H + 2CO;1 


glucose 


It can be manufactured by the above method, or by heating ethyl 
hydrogen sulphate (obtained from ethylene) with water. 


C;H;HSO, + H,0 + C;H;OH + H;SO, 


_ Ttis a colourless liquid which is soluble in water (owing to the forma- 
tion of hydrogen bonds with the water molecules, see 2.16). 
It burns in air to give carbon dioxide and water. 


C;H;,OH + 30; —2CO,--3H,0 AH = —327 kilocalories 


(evolved) 
It reacts with sodium to form sodium ethylate, and hydrogen is 


evolved. 


—_ 
2C;H;OH + 2Na > 2C;H,0- + 2N2* + Ht 


When dry, it reacts with Phosphorus pentachloride to give ethyl 
chloride and hydrogen chloride (the evolution of this indicates that 
an hydroxyl group is present), 
C,Hs0H + PCI, > C;H,CI + POCI; + HCI 


phosphorus 
oxychloride 


It can be oxidized by acidified 
permanganate to form acetaldehy 
(CHCOOH). ~ 

It reacts with acetic acid in the presence of hydrogen ions as catalyst 
to give ethyl acetate—an ester, a compound of general formula RCOOR’, 
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where R and R’ are alkyl groups, e.g. СНз, C2Hs, or acyl groups, e.g. 
СН; (phenyl). 


СНзСООН + C;H5OH = CH;COOC;H; + HO 


ethyl acetate 
The general esterification reaction is 
ACID + ALCOHOL = ESTER +- WATER 


With concentrated sulphuric acid (excess) at 160°C it gives ethylene 
(10.6) (removal of 1 mol. of water from 1 mol. of ethanol). 

If the temperature is 140°C and excess alcohol is used, diethyl ether 
is formed (removal of 1 mol. of water from 2 mol. of ethanol). 


2CzHsOH — H20 > C,Hs0C2Hs 


Ethanol reacts with concentrated sulphuric acid at room temperature 
to give ethyl hydrogen sulphate (an esterification, using an inorganic 
acid). 

СНАОН + Н,50; > C;H5HSO, + HO 


Ethanol reacts with chlorine in the presence of an alkali to give 
chloroform СНСІз, and with iodine in the presence of an alkali to give 
iodoform CHI; (a yellow precipitate), this distinguishing it from the 
poisonous methanol СНзОН. The chloroform reaction involves (i) 
oxidation, (ii) chlorination, (iii) hydrolysis. 

idati hlorination 
C;H,OH "5 CH;.CHO — —— CCI;.CHO 
ethanol acetaldehyde chloral 
hydrolysis 
— CHCl; + HCOOH 
chloroform + formic acid 
L neutralized 


HCOONa 


10.10 ETHYLAMINE CzHsNH2 
Ethylamine is a primary amine, these being compounds of the general 
formula R—NH;, where R is an alkyl group in the aliphatic series. 
All primary amines contain the grouping —NH2. : 

Ethylamine is formed when ethyl iodide (or chloride, or bromide, 
but the iodide is preferred since it has the highest boiling point) is 
treated with concentrated ammonia solution. 


СНА + 2NH3 > C;HsNH; + NH; + 
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It is a colourless gas which has a fishy odour. It dissolves in water 
(with the attendant formation of hydrogen bonds, cf. ammonia) to 
give an alkaline solution (cf. ammonia solution). 
C.H;NH2 + H20 + C2H;NH}; + OH- 


ethylammonium hydroxide 


It is therefore a base since it accepts a proton. 
It reacts with acids to give salts, for example: 


4 
СМ; + НСІ > C;H;NH$ + CI- 

ethylammonium chloride 

(cf. ammonium chloride NH, +С17) 


It reacts with nitrous acid to give ethanol, nitrogen and water. 
C.HsNH2 + HNO, + CHsOH + Nt + H;O 


In general 


R—NH; + HNO, + R—OH + N» + H,O 
that is 
R—NH; + R—OH 
amine alcohol 
It reacts with. chloroform and alcoholic potassium hydroxide to give 
the evil-smelling gas ethyl isocyanide, C;HsNC. 
It reacts with a solution containing cupric ions to form a deep blue 


solution containing а complex ion (cf. reaction of ammonia solution 
with cupric ions). 


10.11 ACETIC ACID CH,COOH 


Structure 

11 
она, 
н 


Acetic acid сап be prepared by oxidation of ethanol with excess 
acidified sodium dichromate solution. 


C;H;OH + [O] + CHCHO + HO 
acetaldehyde 
CH3CHO + [0] > CH;COOH 
acetic acid 
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It used to be manufactured by the oxidation of ethanol by air in the 
presence of certain bacteria (Mycoderma Aceti). Vinegar is a dilute 
solution of acetic acid and is obtained by fermenting wine in such a 
way as to convert the ethanol present into acetic acid. 

Acetic acid is now manufactured mainly by the oxidation of acetal- 
dehyde (which can be obtained from the coal or oil industry) by air in 
the presence of a cobalt acetate catalyst. 


2CH3;CHO + О, > 2CH,COOH 
Acetic acid is a colourless liquid which is readily soluble in water. 
It has a highly pungent odour (of vinegar). 
It is a weak acid (see 3.1). 
CHCOOH = CH;COO- + Н+ 


It reacts with bases to form salts and with alcohols to form esters, for 
example: 
СНзСООН + Nat + OH- +> CH;COO- + Nat + H20 


sodium acetate 


СНСООН + C;H5OH = CH;COOC;H; + H20 


ethyl acetate 
Acetic acid reacts with phosphorus pentachloride to form acetyl 
chloride, the hydroxyl group of the acid being replaced by a chlorine 


atom. 
CHCOOH + PCls -> CH;COCI + POCI; + НС 
acetyl chloride phosphorus 
oxychloride 


If chlorine is bubbled into glacial acetic acid in the presence of a 
catalyst (e.g. red phosphorus), a mixture of chloroacetic acids is 
formed. This is an example of substitution. 


СНзСООН + Cl; > HCl + сн Бон mono- 
А chloroacetic 
CLHC.COOH di- acids 


Y 
Cl;C.COOH tri- 


10.12 FOODSTUFFS 
А complete diet consists of six classes of substance: 


(a) Carbohydrates (b) Fats | (c) Proteins 
(d) Mineral salts (e) Vitamins (f) Water 
Carbohydrates and fats can be regarded as ‘fuels’, providing energy 
for muscular activity and keeping us warm. Proteins and mineral salts 
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are body-building foods, entering into the structure of hair, nails, teeth, 
etc. Vitamins and water are needed for healthy functioning of the body. 


Carbohydrates 


Carbohydrates are compounds of carbon, hydrogen and oxygen (al- 
though the term is now used to cover compounds containing nitrogen 
and sulphur as well), the last two named elements being present in the 
proportion in which they exist in water. A carbohydrate can therefore 
be formulated as C,(H20),. In a normal diet the main carbohydrates 
are sugars (e.g. in sugar itself, sweet foods such as honey, ripe fruits, 
etc) and starches (e.g. in potatoes, rice, sago, flour, wheat, rye). 

Many compounds can be classified as sugars. Glucose (dextrose, 
grape sugar) is an example of a simple sugar called a monosaccharide. 
Its molecular formula is СН,,О, and the Structure is as follows: 


он 
H 4G О, н 
К 
HO ii d он 
ноз ӧн 


Sugars such as sucrose (cane or beet sugar), maltose (malt sugar) 
and lactose (milk sugar) have the formula C,2H220,, (disaccharides) 
and their structures consist of two monosaccharide units linked together 
with the elimination of a water molecule, 


Table sugar is sucrose. It occurs in plants, where it is formed during 


concentrated until crystals form 


Disaccharides can be converted to monosaccharides by (a) warming 


with a dilute acid, (6) by use of an enzyme; when eaten, the enzyme 
ptyalin in the saliva can bring about decomposition, 


Starch is a polysaccharide, in which many glucose units are linked 
together with the elimination of a water molecule between each pair of 
units, forming a large long chain molecule, The formula can be written 
(СеН;оОз),. Starch can be broken down to glucose by heating with 
almost any dilute acid. This is used in the manufacture of glucose. 


When starch is eaten, enzymes in saliva carry out the degradation. 
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Starch is also degraded to glucose by enzymes in malt and yeast and 
this takes place in brewing; other enzymes are present in yeast to 
decompose glucose to ethanol and carbon dioxide. 


Enzymes in Enzymes in 
Starch —————> Glucose ————> Ethanol + CO;1 
malt and yeast yeast CHsOH 


Pure starch is a white solid which is only sparingly soluble in cold 
water, but which forms a colloidal ‘starch solution’ in hot water. This 
liquid sets on cooling to starch paste. Starch is used as a stiffening 
agent in laundry work, in the manufacture of paper, and as a ‘filler’ 
in many products. 


Fats 


Fats and oils act as reserve food supplies; they are stored in the body 
and used as required. Animal fats are present in foodstuffs such as 
butter, eggs and lard, while plant fats are present in olive oil, soya 
beans, peanuts, etc. Many naturally occurring oils cannot be eaten, 
but can be hydrogenated to solid edible fats (see 6.5); margarine is 
made in this way. 

Fats are esters formed between the higher alcohol glycerol (like 
ethanol) and higher carboxylic acids (acids similar to acetic acid); they 
are known as tri-glycerides. Mutton fat contains tristearin, a com- 
pound of glycerol and stearic acid (C17H3sCOOH). When this fat is 
heated with sodium hydroxide solution, saponification occurs to give 
glycerol and the sodium salt of stearic acid. 


CH2.0.CO.Ci7Hss ја 
CH.O.CO.Ci7H3s + 30H- > CHOH + 3C,H3sCOO~ 
| 

CH;.0.CO.C;;Hss CH;OH 


tristearin glycerol stearate anion 
This process is used in the manufacture of soaps, since the sodium 


(or potassium) salts of higher carboxylic acids are the main compo- 
nents of soap. Soap is really a waste of a food fat (OXFAM)). 


Proteins 

These can supply energy by reaction with oxygen but their main 

function is to maintain growth and repair of animal or plant cells. 

Foods having a high proportion of animal protein include meat, fish, 
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eggs, milk and cheese. Foods containing much vegetable protein in- 
clude cereals, nuts, fruit and many vegetables. 

Proteins are complex substances, their molecules being composed 
of many amino acid units joined together. Two typical amino acids are 
glycine and thyroxine. 


Glycine (amino-acetic acid) 


H H о 
Sw 
ر‎ л 
н н он 
Тһугохїпе 
IH 
[ | L 
=" 6 нн о 
А 
HO—C COC No bb of 
4 М Jd X 
TW с н мн, `он 
їн IH 


Ina typical Protein, about twenty amino acids link together to give a 
polymer with a molecular weight of about 15,000 to several millions. 
Proteins are broken down by digestive juices in the stomach and 
intestine forming their constituent amino acids and these then recom- 
bine to form compounds needed for cell growth. A mixed diet is 
essential, since many different amino acids are required for healthy 
cell growth. 


Some examples of proteins includ in (i al- 
bumin (in the white of bn a e haemoglobin (in blood), 


Mineral salts 


Although the. body contains elements Such as carbon, hydrogen, 
oxygen and nitrogen, many others are vital for health, Sulphur is à 
component of many proteins, Jodine is needed for correct functioning 
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of the thyroid gland (deficiency causes goitre and mental and physical 
debility); although iodine is provided by fish, green vegetables and 
dairy produce, in areas where foods such as the two latter varieties 
are likely to be deficient in iodine, and where fish is scarce, it is 
convenient to use iodized table salt. Jron is a constituent element in 
haemoglobin and deficiency causes anaemia; it can be obtained by 
eating liver, oatmeal, eggs, potatoes and green vegetables. Fluorine is 
required for healthy teeth; in many areas it is added to drinking water 
and many toothpastes contain it in the form of a fluoride (e.g. stannic 
fluoride). Calcium, phosphorus and magnesium occur in milk, cheese 
and green vegetables and are required for healthy teeth, bones and nerve 
tissues. Other necessary elements include copper, silicon, potassium. 
Sodium chloride is taken into the body in the form of table salt. It occurs 
in body fluids (including blood) and is excreted in perspiration. 


Vitamins 


The word vitamin was first used by Funk (1912), but the idea of such 
substances as ‘accessory food factors’ had been suggested rather earlier 
by Hopkins. Deficiency in vitamins causes what are known as ‘defi- 
ciency diseases’. Some vitamins have been synthesized and can be taken 


in the form of pills by those who need them. 


Hormones 


These are compounds which play an important part in bodily pro- 
cesses although they are not present in foods. They are secreted by 
various glands in the body and their secretion causes stimulation of 
definite parts of the body. Thus, certain glands regulate definite bodily 
processes. Adrenalin (from the suprarenal gland, near the kidney) can 
cause nervousness if secreted in too large a quantity. Hormones 
secreted by the thyroid gland (in the throat, just below the Adam’s 
apple) and the pituitary gland (at the base of the brain) control growth. 
Excessive action of the pituitary gland causes excessive growth. Arrested 
development of the thyroid gland can cause cretinism (gross deformity 
and idiocy). The pancreas secretes digestive juices plus insulin, a de- 
ficiency of the latter causing diabetes. Various hormones are secreted 
by the sex glands. . 
Plants can have their growth affected by hormones, e.g. selective 
weed killers often contain hormones injurious to the growth of weeds, 
though not to other plants. Hormone rooting powders for striking cut- 


tings are very common. 
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Table 10.5 
Vitamins 
Vitamin Chemical name, 
and date formula and 
of isolation date of synthesis 
А 1937 Related to 
carotene 
C20H300 
1945 
B, 1931 Aneurin or 
Thiamin 
C12HisON4SCl, 
1936 
B; 1933 Riboflavin 
Соб ом Об 
1935 
С 1925 АзсогЫс асја 
СеНаОб 
1933 
D 1930 Calciferol 
СНО 
Е 1936 а-Тосорһего1 
C29H5002 
1938 
Many other vitamins, e.g. B 
importance. 
Cellulose 


Main source of 
supply 


Fish liver oils, milk, 
butter, egg yolk, 
carrots 


Wholemeal or brown 
bread. Yeast extract, 
e.g. Marmite. Wheat 
germ, e.g. Bemax. 
Egg yolk, nuts, 
oatmeal, liver, 
kidney 

Yeast, lean meat, 


liver, eggs, cheese, 
green vegetables 


Fresh fruits and 
vegetables 


Fish liver oils, milk, 
butter, cheese, eggs. 
(Formed in body in 
sunlight) 


Green vegetables, 
meat, eggs 


Effect of 
deficiency 


Poor growth 
Night blindness 
Xerophthalmia 


General debility 
Beri-beri 


General debility 


Poor resistance 
to disease 
Scurvy 
Haemorrhage 


Poor bone and 
teeth formation. 
Rickets 


Loss of fertility 
and muscular 
decay 


э, Bs, Bs, Be, P and K, are also of great 


Cellulose is a polysaccharide which can be broken down into glucose 
(cf. starch). It cannot, however, be broken down in the body and there- 
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fore can never be digested by humans; it can be digested by cows, 
horses, sheep, and other animals which eat grass. Cellulose provides 
valuable ‘roughage’ in the human body. 
Cellulose and similar compounds occur in the cell walls of all plants, 
e.g. in fibrous materials such as wood, cotton, hemp, grass, straw, wool. 
Cellulose is used in the manufacture of textiles, paper, string, rayon, 
plastics (e.g. cellulose acetate, celluloid, cellophane), explosives (e.g. 


gun-cotton), and lacquers. 


Tests for foodstuffs 


(a) Starch. A dilute solution of iodine gives a deep blue colour. 
Green leaves are first killed by dipping in boiling water, bleached by 
dipping in alcohol, warmed on a water bath, softened by wetting with 
Water, and finally tested with dilute iodine solution. 

(b) Sugars (reducing). Fehling’s solution A is added to the solution 
to be tested, then Fehling’s B until a clear deep blue solution is formed. 
If this is boiled, a rust-coloured precipitate of cuprous oxide Си,О is 
formed, owing to reduction of cupric ions in the Fehling's A by the 
Sugar. 

(c) Fats. If a fat is rubbed on a thin piece of paper, a permanent 
clear spot is produced. 

Alternatively, if a fat is 5 


Will be stained red. A 
(d) Proteins. If Millon’s reagent is added and the solution boiled, a. 


brick red precipitate indicates the presence of a protein. 


haken with Sudan ТУ, the droplets of fat 


10.13 THERMAL DECOMPOSITION (PYROLYSIS) 


OF ORGANIC COMPOUNDS 
Many organic compounds can be decomposed by heat, some examples 
being as follows: Е 
(а) Methane gives carbon black and hydrogen at about 1200°C 
CH, > C + 2H2 


At about 1500°C it gives acetylene. 
2CH, = СН, + 3H; 


(b) Paraffins can often be ‘cracked’ (see 10.5) to give olefins, for 


example: 
£ С.Н > C2H4 + Ha 


ethane ethylene 


C3H, > СН. + CHa 


propane ethylene methane 
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(c) Acetaldehyde decomposes on strong heating to give methane 
and carbon monoxide (the mechanism of this is very complicated and 
of the ‘chain’ type). 


CH;CHO — CH, + CO 


(d) Acetone decomposes on strong heating to give methane and 
ketene. 
CH3COCH; — CH, + ЊС=<С=0 


ketene 


(е) Sugars decompose on heating to give carbon and water, e.g. 
sucrose. 


C,2H550,, > 12C + 11H20 


(7) Wood (containing the compounds cellulose (see 10.12) and lignin 
{a polymer containing aromatic rings to which are attached methoxyl 
groups, OCH;)), decomposes on heating in the absence of air forming 
carbon plus a volatile material. The latter can be condensed to pyro- 
ligneus acid, which can be further separated into methanol CH4OH, 


acetic acid СНзСООН, and а little acetone CH;COCHs, as well as 
other substances. 


(g) Thermal decomposition of acetic acid is best achieved by heating 
the sodium salt of the acid with ‘soda lime’ (see 10.4). The molecule 
effectively loses carbon dioxide and is said to have been decarboxylated. 


CH3COO-Nat + Nat + OH- > 2Na* + CO;- + CH4t 


methane 
(h) Oxalic acid decomposes on heating forming formic acid. 
COOH 
| — CO; + HCOOH 
соон 
(i) Calcium acetate decomposes on heating to give acetone. 


(CH3COO-),Ca** -> Ca**CO;- + CH;COCH; 


A similar reaction is the decomposition of acetic acid when passed 
over a hot metallic oxide (such as manganous oxide, MnO). 


2CH3;COOH -> CH;COCH; + H20 + CO; 
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10.14 OXIDES OF CARBON 
Carbon dioxide CO, 


Preparation 


(а) Reaction of a dilute mineral acid with a metallic carbonate— 
dilute hydrochloric acid is normally reacted with calcium carbonate in 
a Kipp’s apparatus. The principle is that carbonic acid (weak acid) is 
displaced by the stronger acid and then the carbonic acid, being un- 
stable, decomposes into carbon dioxide and water. 


CO;~ + 2H* > СО: + HO 


(6) A by-product of brewing. 
Sugar + Yeast — Ethanol + CO2} (see 10.9) 


(contains 
enzymes) 


(c) Action of heat on carbonates of metals below sodium in the 
electrochemical series, e.g. MgCO, can be decomposed fairly readily 
at 300-500*C. 

Industrially, carbon dioxide can be made by heating calcium carbon- 
ate in a "lime kiln'. 

CaCO; = СаО + CO; 
(d) By burning any carbonaceous material in excess air or oxygen. 


C + 0; > CO; 


Properties 
It is a colourless, odourless gas, heavier than air (soap bubble blown 
with the gas sinks in air), soluble in water under pressure (e.g. in soda 
and mineral waters), and is easily liquefied and solidified by cooling 
(the solid is called ‘dry ice’; this sublimes on allowing it to warm up to 
room | ure). 

creen dm is an acidic oxide. It is slightly soluble in water at 
normal pressures (1 cm? per cm?) giving an acidic solution, assumed to 


contain carbonic acid. 
H50 + CO; = H;CO; 


Carbonic acid decomposes on heating. e у 
It forms two series of salts, the carbonates (containing CO; “ ions) 
and bicarbonates (containing HCO; ions), for example: 
20H- + CO; > CO; + HO 
СОз + H20 + СО, > 2HCO; 
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Carbon dioxide turns limewater milky owing to the formation of 
calcium carbonate. 


Ca** + 20H- + CO; + CaCO3} + HO 
If carbon dioxide is passed in for some time (i.e. excess carbon di- 
oxide), soluble calcium bicarbonate is formed and the suspension goes 
to a clear solution (see *hardness of water', 7.11). 


CaCO; + HO + CO; + Са++ + 2HCO; 


These reactions are part of a large cycle involving carbon dioxide: 


heat 
CaCO; —> СаО + CO; 


limestone quicklime 
RADI little 
chalk water 
Ca(OH); 
slaked lime 


more 
water 


CO: Соз 
Ca(OH), —> СаСОз <> Са++ + 2НСО; 


lime water heat 


The percentage of carbon dioxide in the air remains at about 0:03 
per cent since the input balances the output. 


Table 10.6 
Input Output 


1. Burning of carbon compounds 1. Photosynthesis (see 7.2) 
2. Respiration of animals and 2. Dissolved in rain water 
plants 
. Fermentation 
. Decay of animal and vegetable 
matter 
5. Hot springs and volcanoes 


Bw 


Carbon dioxide is used in mineral waters (dissolved under pressure, 
as a preservative), as dry ice (ice cream transit, acetone/dry ice freezing 
mixtures, etc), in fire extinguishers (these rely on the fact that (a) it is 
heavier than air and therefore *blankets' the fire, (b) it does not burn 
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or support combustion unless the substance burning has a very hot 
flame), and also as a coolant in atomic reactors. 

Very strongly burning substances (e.g. magnesium) can continue to 
burn in carbon dioxide, decomposing it. 


2Mg + CO; —2MgO + C 
white black 


Carbon cycle 


Animals eat plants 


Carbon compounds Carbon compounds 


in plants in animals 


Photo-synthesis Respiration 


Fic. 10.6 


Test for carbonates and bicarbonates 
(a) Carbonates give off (evolve) carbon dioxide with hydrochloric 


acid in the cold. А 
(b) Carbonates of metals other than Na, К (and NHÀ) give off carbon 


dioxide when heated. р . 
(c) Bicarbonates of sodium and potassium can be recognized as 


follows: 


1. The solids and their solutions give off carbon dioxide when 
heated. The residues give off carbon dioxide when reacted with 


hydrochloric acid. | | 
2. The solutions are neutral to phenolphthalein but alkaline to 


litmus and methyl orange. | 
М.В. Solutions of the carbonates of these metals are alkaline 


to the usual indicators. | | | 2 
3. With magnesium sulphate solution, they give no white precipitate 
whereas solutions of the carbonates would give a white precipitate 


of magnesium carbonate. 
Mg** + 2HCO; — Mg(HCOs)2 


soluble 
Mg++ + CO; > МЕСО, 
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Carbon monoxide CO 
Preparation (not advisable to do so in quantity) 


(a) Reduction of carbon dioxide when passed through red-hot 


carbon. 
CO; + C—2CO 


Reduction of CO; to CO 
Charcoal (well-packed tube) 


Carbon monoxide 


Safety trap 
Potassium hydroxide solution 
(more expensive than sodium 
hydroxide but better for absorbing 
gas) to absorb carbon dioxide 
Fic. 10.7 


This type of reaction occurs in the blast furnace and in the domestic 
coal fire. 


(6) Burning of carbon in a restricted supply of air. 
2C + О; > 220 


Formic acid | 


Carbon 
monoxide 


Fic. 10.8 
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(с) Dehydration of formic acid (or formates) with concentrated sul- 
Phuric acid (8.8)—this requires no heat as the reaction is exothermic. 


H.COOH — H;0 + CO} 


(4) Dehydration of oxalic acid (and oxalates) by concentrated sul- 
Phuric acid—this requires heat. 


соон 
— H;0 > CO} + СО 
COOH 


Method (d) gives carbon dioxide as well and this can be removed by 
absorption in potassium hydroxide solution. 


Carbon 
monoxide 


Solutions of KOH to 
absorb СО; 


Fic. 10.9 


(е) Carbon monoxide is a constituent of many gaseous fuels, e.g. 
Coal gas, water gas, producer gas. 


Properties 
It is а colourless gas with no smell. It is VERY 
ines chemically and irreversibly with haem 
E carboxyhaemoglobin, po охув; 
round the body as oxyhaemoglobin. А Ё 
Тһе BM HUE is cherry red in colour. Carbon monoxide 
аз about the same density as air, is practically insoluble in water, 
Although it is absorbed by ammoniacal cuprous chloride forming the 
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substance CuCl.CO.2H.0, cf. acetylene gives а red precipitate with 
this reagent (see 10.7). 

It burns with a blue flame, forming carbon dioxide (the test for it); 
the formation of carbon dioxide distinguishes carbon monoxide from 
hydrogen. 


CO + 10; > CO, АН = —68 kilocalories (evolved) 


It is an important reducing agent. For example, it reduces hot 
oxides of metals fairly low in the electrochemical series, some salts 
(e.g. ammoniacal silver nitrate to silver at room temperature), etc, for 
example: 

FeO; + ЗСО = 2Fe + ЗСО, 
PbO + CO > Pb + CO; 


10.15 QUESTIONS 


1. State the properties and uses of diamond, graphite and charcoals. 

2. Why is there a difference in properties between diamond and 
graphite? How would you demonstrate that they are both forms of 
the same element? 

3. How would you prepare (a) carbon dioxide, (6) carbon monoxide in 
the laboratory? Give an account of the properties of these oxides. 

4. How does the simple chemistry of ethylamine compare with that of 
ammonia, and the simple chemistry of ethanol compare with that of 
water? 

5. What types of chemical bonds would you expect to find in (a) dia- 
mond, (b) graphite, (c) carbon dioxide, (d) carbon tetrachloride, 
(е) methane, (f) sodium carbonate? Give your reasons. 

6. A compound containing hydrogen, carbon and oxygen only gave the 
following analysis results: Н = 4-35%, C = 26-09%, О = 69-56%. 
Find the empirical formula of the compound. [(CH202),] 

7. Find the empirical formula of a substance having the following 
percentage composition: Na = 18-55%, S = 25-8%, О = 19-35%, 
water of crystallization = 36-3%. [Na2S203.5H,0] 

8. Find the empirical formula of starch, which has the composition: 


C = 444%, H = 62%, О = 49:4% (by weight). [(CsH100s)x] 


9. A compound of nitrogen and hydrogen contains 87-5 % nitrogen by 
weight. Find the simplest formula [(NH;),] 
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111 OCCURRENCE AND MANUFACTURE 
OF PHOSPHORUS 


Phosphorus does not occur in the free state. It is found as metallic 
phosphates, e.g. calcium phosphate Саз(РО)» in the ore Rock phos- 
phate (in the U.S.A.). Calcium phosphate is also present in bones. 
- Phosphorus exhibits allotropy, existing as white and violet allo- 
tropes in the solid state. White phosphorus is made first and then con- 
verted to the violet form if required. 

Rock phosphate is reduced with hot carbon in an electrothermal 
furnace at about 1500°С, silica being added (as granite chips) to form a 
slag of calcium silicate. The silica displaces the more volatile phosphoric 


oxide from calcium phosphate. 


Manufacture of phosphorus 
Layout of plant 


Rock phosphate, granite Spray of 
chips, anthracite TS warm water 


Raw precipitator 
—— RCO materials, 


4. 


Firebrick lini 
а ЖЩ One of 3 
Steel case carbon 
aa | electrodes ot 


supplied 
with alternating Furnace Dust Liquid 


Slag (СаО) 27 кше phosphorus 
Z 5 " hi 
“в lining olid white 
Carbon lining S sie 
Fic. 11.1 
Саз(РО;)2 = зСао + P205 
basic acidic 
3CaO + 3510; — 3Са51Оз 
calcium silicate slag 
2P,05 + 10C — Pat + 10COt 
[Compare the reactions: 
H20 + СОЇ 
(i) CaCO, + 2НСІ > CaCl; + H;CO; 
(ii) Ca(PO4); + 38102 > 3CaSiO; + P20s] 
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The phosphorus vapour and carbon monoxide leave the furnace, are 
purified by electrostatic dust Precipitation, and the Phosphorus is 
then condensed to a liquid. This is pumped away through heated pipes 
and cast into sticks of the white allotrope. This must be kept out of 
contact with air (kept under water). 

Violet phosphorus can be made by heating white phosphorus very 
strongly in the absence of air. The more common ‘red’ phosphorus (not 
a separate allotrope, but an intimate mixture of violet and a little white 
phosphorus) is made by heating white Phosphorus at about 250°C ina 
steel pot with only a small opening to the air (this prevents atmospheric 
oxidation). The change is catalysed by substances such as iodine, but 
they are not used industrially. Any white phosphorus not converted to 
the red form is removed by reaction with sodium hydroxide solution. 

Red or violet phosphorus can be converted to the white form by con- 
densing the vapour formed by heating red phosphorus (white is the 
metastable allotrope and has more energy than violet; hence, there is 


less energy change in Passing from the vapour to white Phosphorus than 
in passing to violet Phosphorus). 


Table 11.1 
Comparison of the allotropes 
White Violet 
1. Less stable; passes very More stable 


slowly to violet form 
2. White waxy solid, structure Violet, brittle solid, structure 
based on P4 units based on P, units joined together 


(tetrahedral shape) 
3. Specific gravity 1.8 Specific gravity (red) 2.2 
4. Soluble in CS, Insoluble in CS; 
5. Very poisonous Not very poisonous 
6. Glows in dark owing to Does not glow 
oxidation to Р.О; (chain 
mechanism) 
7. Ignites in air at about 35°С Violet phosphorus does not ignite 
forming РО; in air unless the temperature is 


very high; red phosphorus ignites 
at about 250°C forming P205 
8. Reacts with hot conc. NaOH No reaction with alkalis 
solution forming phosphine 
and sodium hypophosphite 


4P + 30H- + ЗНАО > 3H;POz + PH, 
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White phosphorus is MORE REACTIVE than the violet form. 


Evidence that white and violet (red) phosphorus are one and the same 
element 

1. Either form can be changed into the other by altering the physical 
conditions without addition or removal of any other substance. 

2. Equal weights of the two forms, when heated in a stream of oxygen, 
give equal weights of phosphorus pentoxide. 


11.2 PHOSPHINE РН» 


Preparation 


White phosphorus and a concentrated solution of sodium hydroxide 
are boiled in a flask through which a stream of coal gas is passed to 
exclude all air. If the delivery tube is led into a trough of water, the 
gaseous product ignites on coming into contact with the air, forming 
White rings of phosphorus pentoxide. The phosphine is spontaneously 
inflammable owing to the presence of an impurity called liquid phos- 
phorus hydride (diphosphine) P2H;. 


4P + 30H- + 3H20 — ЗЕРО; + PHst 
Hypophosphorous acid H3PO; is an example of an acid with three 
hydrogen atoms only one of which is replaceable; hence the formula 
of sodium hypophosphite, which remains in solution in the flask, is 
NaH;PO;. 
H OH 
А 
Р 
765 
н [9] 
(basicity determined БУ tha number o 
Properties 


Phosphine is a colourless, pois t 
very slightly soluble in water and the solutio: 
PH; + Н.О —РН;.Н;О (or PH4OH) 

It is much less basic than the related compound ammonia NH; 
(nitrogen and phosphorus are in the same family (Group VB) of the 


Periodic Table). А 
Its most stable salt is р 


onous gas with a fish-like smell. It is only 
n is feebly alkaline. 


hosphonium iodide PH{T-. 
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"Тһе phosphonium ion has a structure similar to that of the ammon- 
ium ion. 
H + 


11.3 OXIDES OF PHOSPHORUS 
Phosphorus sesquioxide, phosphorous oxide, 
phosphorus trioxide P;O, 
Phosphorus is burnt in a limited supply of air. 
4P + 30; + 2P203 


It is a white waxy solid which gives phosphorous acid with cold 
water. 


P205 + 36,0 — 2H;PO; 


Its formula should be written Р.О according to the known struc- 


ture of the compound, which is based on the tetrahedral distribution of 
atoms in the P, unit. 


Phosphoric oxide, phosphorus pentoxide P,O; 
Phosphorus is burnt in a liberal supply of air. 
4P + 50; > 29,0. 


It is a white crystalline solid, very deliquescent, and a good drying 
agent. With cold water it gives metaphosphoric acid НРО; (exothermic 
reaction), a transparent, glassy solid. 


P20s + H20 + 2HPO; 


With excess cold water, or with hot water, 
acid H3PO, (a colourless crystalline solid). 


P20s + 3H20 — 2H;PO, 


When orthophosphoric acid is heated at 215°C, pyrophosphoric 
acid (a white solid) is formed. 


it gives orthophosphoric 


2H3PO,4 + H;P;0; + HO 
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The formula of phosphorus pentoxide should be written P4010 in 

order to represent accurately the known crystal structure of the com- 
pound. 


114 ORTHOPHOSPHORIC ACID HPO, 


This is made by oxidation of red phosphorus with concentrated nitric 
acid. 

20HNO; + 10e +> 10NO; + 10H50 + 10NO; 

2P + 8Н,О — 10e + 2PO;-- + 16H* 


20HNO; + 2P > 10NO; + 2H20 + 10NO; + 2PO; 7 
+ 16H* 


10HNO; + P > 5NO; + H20 + 5NO2t + РО; 77 + 8H* 


and 3H+ + РО; “7 = HPO, 


It is a syrupy liquid which can, with difficulty, be crystallized. It is 
a tribasic acid and forms three sodium salts: 


о OH 
4 


HO” Хон 


(basicity determined by number of 
—OH groups) 


sodium dihydrogen o 


disodium hydrogen orthophosphate (Na*);HPO; > J (see 6.7, 6.8) 


NORMAL SALT 
(see 6.7, 6.8) 


rthophosphate Na*H;PO; om SALTS 


trisodium orthophosphate (Na*)5PO; ^7 


By a longstanding convention, ordinary laboratory ‘sodium phos- 
phate’ is the disodium salt. | . . 

When dissolved in water, the monosodium salt gives a solution which 
is acidic to litmus, the disodium salt a solution which is just alkaline to 
litmus while the trisodium salt gives a solution strongly alkaline to 
litmus. [Note that NaH2PO. solution is about neutral to methyl 
orange, but acidic to phenolphthalein; NazHPO, solution is slightly 
alkaline to phenolphthalein, and strongly alkaline to methyl orange.] 
In each case the salt is hydrolysed (see 7.11) to sodium hydroxide and 
orthophosphoric acid, the former being a strong alkali (3.1) and the 
latter a weak acid (3.1). In the mono- and disodium salts, however, the 
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effect of the sodium hydroxide is partially counteracted by the hydrogen 
ions they provide in solution owing to the fact that they are acid salts. 


Calcium orthophosphate Ca;(PO,). 


This occurs naturally in rock phosphate. It is used in the manufacture 
of phosphorus (11.1) and superphosphate (8.8). The latter is soluble in 
water, whereas calcium phosphate is not very soluble, and so acts 
much more rapidly when used as a fertilizer. 


Test for phosphate ions in solution 


Add a solution of ammonium molybdate, and a little concentrated 
nitric acid, boil and allow to stand. A canary yellow precipitate is ob- 


tained if a phosphate is present. If the test is carried out in the cold, 
precipitation is slow. 


11.5 CHLORIDES OF PHOSPHORUS 
Phosphorus trichloride PCI, 


Pass dry chlorine over white Phosphorus melted in an atmosphere of 
coal gas or carbon dioxide. The phosphorus trichloride is distilled and 


Preparation of phosphorus trichloride 
Dry carbon dioxide 


or coal gas b 


Dry chlorine Soda lime 


а] (to keep conditions 
dry) 
Retort 


trichloride 


Fic. 11.2 


condenses as a colourless liquid which fumes in moist air owing to 
hydrolysis. It is a typical covalent compound (2.9). 
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2P + 3C1» + РС 
PCI; + 3H;0 + H3PO3 + 3HCIt 


Phosphorous 
acid 


Phosphorus pentachloride PCI; 


Pass dry chlorine into phosphorus trichloride until it is all changed into 
the pentachloride (a white solid). 


PCl; + Cl; = PCls 
It is hydrolysed by water in two stages: 
PCI; + H20 > POCI; + 2HCIt 


phosphorus 
oxychloride 


POCI; + 3H20 > HPO, + 3HCIt 


On heating, it undergoes thermal dissociation (1.5) and the percent- 
age of dissociation at a given temperature can be deduced from vapour 


density (2.22) measurements. 


11.6 USES OF PHOSPHORUS AND ITS COMPOUNDS 


1. White phosphorus is used in rat poison. It was once used in heads of 
matches, but this is now illegal. 

2. Matches: Ordinary match heads contain phosphorus trisulphide 
Раба, potassium chlorate and glue, and will strike on any surface. 
‘Safety’ matches have heads containing potassium chlorate, potassium 
dichromate, red lead and antimony sulphide. They will ignite only 
when rubbed on a specially prepared surface containing red phosphorus. 
3. Calcium orthophosphate (ground up) and superphosphate are 
fertilizers. В 

4. Phosphates are often used in medicines (tonics). Phosphorus is 
essential for healthy bones and teeth and for the functioning of nerves; 
foods containing the element in the combined state are milk, cheese, 
and green vegetables. Phosphates play an important part in the 
function of vitamins. . 

5. Complex phosphates are often used in water-softeners (e.g. Calgon). 
They ‘trap’ or sequester the troublesome Ca** and Mg*+ ions in 
solution, and do not allow them to perform their normal (disadvantage- 


ous) function. 
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11.7 QUESTIONS 


1. What is the chief source of phosphorus? How is the element 
obtained commercially? 
Give, in tabular form, a comparison of white and violet (or red) 
phosphorus. 
2. Explain the meaning of the term allotropy. What would be your 


evidence that white and violet phosphorus are both forms of the 
same element? 


3. Starting with white phosphorus, how would you obtain (a) red 
phosphorus, (b) phosphine, (c) orthophosphoric acid, (d) phosphorus 
trichloride, (е) phosphorus pentachloride? 


4. Describe the preparations of the chlorides of phosphorus. How 
does each one react with water? 
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12.1 SILICON 


Occurrence and manufacture of silicon 


Silicon occurs as silicon dioxide SiO; and silicates. It is the second 
most abundant element in the Earth’s crust. It can be obtained by 
reduction of the oxide with hot carbon or a metal high in the electro- 


chemical series, for example: 
SiO; + 2Mg > 2MgO + Si 


Some magnesium silicide Mg;Si is also formed. 
Purer silicon is obtained by reduction of silicon tetrachloride with 


hot sodium or magnesium. 


SiCl, + 4Na > Si + 4NaCl 


Unlike carbon (also in Group IVB of the Periodic Table) it exists in 
only one form, having a structure like that of diamond (fig. 10.1). 


Properties of silicon 
Finely divided silicon burns in air or oxygen. 
Si + О, = SiO; 


Common mineral acids have no effect on it. It decomposes steam at red 
heat, 

Si + 2H20 — SiO; + 2H; 
With warm fairly concentrated sodium hydroxide solution it gives 
Sodium silicate and hydrogen. 


Si + 2NaOH + H,O — Na;SiO; + 2H; 
or Si + 20H- + H20 > SiO; + 2H; 


Uses of silicon 


The main use of the element is in silicon steels. 
201 


Concise Certificate Chemistry 


12.2 SILICA SiO; 


Silica is very abundant, occurring as quartz, flint, and in sand (coloured 
by impurities such as ferric oxide). It also occurs in many rocks such as 
granite, and in clay as a hydrated aluminium silicate, 
Al,03.2Si02.2H2O 
Pure silica is a transparent solid, harder than glass, m.p. 1500?C. It 
can be fused and worked giving a glass-like substance, silica glass, having 


a very small coefficient of expansion (which can therefore withstand 
sudden changes of temperature). 


Silica is an acidic oxide. It does not react directly with water but 
combines with solutions of caustic alkalis forming silicates. 
SiO; + 20H- > SiO; - + H;O 


When fused with sodium carbonate, a glassy mass of sodium 


silicate is formed (cf. manufacture of phosphorus, where silica ejects 
phosphorus pentoxide). 


Na;CO; + SiO; > Na;SiO; + СО, 


A concentrated solution of sodium silicate in water is ‘water glass’, 
used for preserving eggs. 


When reacted with dilute hydrochloric acid, sodium silicate gives 


sodium chloride and silicic acid (these can be separated by dialysis, see 
14.4). 


Unlike carbon dioxide, silica has a giant molecular structure con- 


taining covalent bonding. This gives it the property of being a solid, 
whereas carbon dioxide is a gas. 


П У 1 
Eculah s m (in 3-dimensions) 

о о о 
The oxygen atoms аге arranged tetrahedrally around the silicon atoms. 
Silicones 
Silicones are polymers (see 10.3) that have alternate silicon and oxygen 
atoms and have organic groups attached to the silicon atoms. The 
siloxane unit, 

| | 
E мог 
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gives the molecule stability towards heat (cf. silica). The organic 
groups control properties such as solubility in organic solvents, 
flexibility, water-repellency, etc. Silicons are made, for example, by 
hydrolysis of a chlorosilane, for example: 


~ " hydrolysis 
2CH,Cl + Si > (CH3);SiCl; ———> (СН), ОН), 


chloride соксо __} Polymerization 
silicone 


Silicones can be divided into 3 types, the properties depending upon 
the structure. 


1. Fluids—long chain polymers 


"mre des 
Cli d 0—5:— EO (R = organic group) 
R R n R 


They are used in polishes, paints, for water-proofing paper, fabrics, 
and leather. They have anti-foaming properties and are used to suppress 
foaming of detergents in sewage disposal units. 

2. Rubbers—the chains here are 'cross-linked'. They are more stable at 
low temperatures (ca. —70°C) and high temperatures (200-300°C) 
than ordinary rubbers, more resistant to chemical attack, but have 
inferior strength. 

3. Resins—three-dimensional structures (cf. SiO2). They are usually 
applied as solutions in organic solvents and are used as an electrical 


insulating varnish or for water-repellancy. 


12.3 GLASS 


In making glass, a mixture of silicates of two or more metals is fused 
and carefully cooled. The result is not a true solid, but a supercooled 
liquid which gets stronger as it cools, eventually attaining the strength 
and rigidity of a crystalline solid. When heated, it does not melt at a 
fixed temperature but softens over a definite range, so that it can be 
blown and drawn out into various shapes. 

Ordinary window glass is a mixture of silicates of sodium, calcium 
and lead and is obtained by fusing together a mixture of sodium 
carbonate, sand, chalk, and a small quantity of lead monoxide. For 
hard glass (chemical apparatus, etc.) potassium carbonate is used 
instead of the sodium compound. 
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Flint glass (e.g. for lenses and prisms) contains lead monoxide 
instead of calcium oxide, and has a high refractive index. 

Glasses with heat-resisting properties, e.g. Pyrex, Hysil, have low 
coefficients of expansion and can withstand rapid changes of tempera- 
ture without fear of cracking. They contain a much higher silica content 
than ordinary glass and also contain borates, this being achieved by 
addition of borax (Na2B,07.10H20O) to the melt. 

Coloured glasses are made by addition of various metallic oxides to the 
melt, e.g. cobalt oxide gives blue, chromic oxide gives green. 


12.4 SILICATES 


These are the salts of silica, when reacted with bases. Since there are 
many complex silicic acids, silicates often have complex crystal struc- 
tures. They can be both natural and artificial. Silicates, together with 
quartz and clay, are present in common rocks. In granite, for example, 
quartz is present with micas, e.g. K*(Al***),[Si,O;9(OH);]!'?- and 
Felspars, e.g. K*AlI***[Si3O,]*-. 

When rocks like granite are *weathered', clays and shales are formed. 
These also consist of a mixture of silicates. Soil is a product of the 
disintegration of rocks and also contains decaying animal and vegetable 
matter (humus). 

Asbestos is a complex silicate containing Са++ and Mg** ions and 
exists as a fibrous solid. It is used to make fireproof clothing, electrical 
insulation, boiler covers, and as a building material, etc. 

Sodium zeolite is an artificial complex silicate with ion-exchange 
properties (see 7.11). 


12.5 CEMENT 


Cement is essentially calcium aluminium silicate. It is made by heating 
powdered ‘marl’, a natural mixture of limestone and clay, about two- 
thirds limestone to one-third clay. Marl is crushed, made into a slurry 
with water, and sintered in a rotating cylindrical container heated by 
burners at the lower end (burning coal or oil). 

When water is added, a gel is first formed which then slowly 
crystallizes to a hard solid. This setting is a complex process, but 
examination of the setting with an electron microscope at a magnifica- 
tion of 20,000 has revealed that long needle-like crystals form through- 
out the mass of the material, giving it hardness and strength. It is called 
Portland cement, since the hard mass resembles Portland stone. When 
mixed with gravel, it gives concrete. 
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12.6 QUESTIONS 


1. Adduce evidence that silica is an acidic oxide. How would you 


prepare silicic acid? 
2. Compare and contrast the physical and chemical properties of silica 


and carbon dioxide. 
3. Write an essay on ‘glass’. 


205 


13 The Halogens 


13.1 INTRODUCTION 


This family (the ‘salt-producers’) contains fluorine, chlorine, bromine, 
iodine, and astatine (radioactive). Their general properties have been 
outlined in 2.12. 


13.2 OCCURRENCE AND PREPARATION 
OF CHLORINE 


Chlorine occurs as metallic chlorides, e.g. Na*Cl- (in Rock salt, sea 
water), K*CI- (in Carnallite KCl. MgCl, .6H20), Ca**(CI-); (in sea 
water). 

It is prepared by oxidation of the chloride ion in concentrated 
hydrochloric acid with potassium permanganate (no heat required) or 
manganese dioxide (heat required). 


2Мпо; + 16H* + 10CI- > 2Mn** + 8H50 + 5Cl2t 
MnO, + 4HCl > 2H;0 + Mn** + 2CI- + Chi 
(Construct these equations from the oxidizing and reducing equations 
as demonstrated in chapter four.) 
It is dried by concentrated sulphuric acid and collected by downward 
delivery (or sometimes ‘over brine’). 


Preparation of chlorine 


IN 


Conc, hydrochloric acid 


Manganese 
dioxide 


SE? Water 


7== 1 to absorb 
hydrogen 
| chloride 


Heat 


Sulphuric 


acid as Chlorine 
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Chlorine is obtained commercially as a co-product of the electrolysis 
of brine in the Castner-Kellner cell (3.4), or as a by-product of the 
manufacture of some metals, e.g. sodium, calcium. 


13.3 PROPERTIES OF CHLORINE 


It is a greenish-yellow gas with a pungent smell and is very poisonous. 
It is used for sterilizing drinking water and for killing bacteria in 
swimming pools. Moist bleaching powder Сао Cl; (this is a simplified 
formula), which gives chlorine when reacted with any dilute acid (even 
carbonic acid in the air), is used for many sanitary purposes. 

Chlorine is easily liquefied. It is heavier than air. It is soluble in 
water to give ‘chlorine water’ from which crystals of chlorine hydrate 
Cl,.xH2O (where x = 6-8) are obtained on cooling. These crystals 
give chlorine when heated. 

Chlorine also reacts with water. 

Cl; + H20 + НСІ + НОСІ 


hypochlorous acid 
On standing, hypochlorous acid slowly decomposes. 
2HOCI > 2HCI + О 


Chlorine is a vigorous oxidizing agent when water is present, many 
of its oxidizing properties being attributed to hypochlorous acid. 


OCI- + 2H* + 2e ^ CI” + H20 
For example: sulphite ions are oxidized to sulphate ions. 
505- + H20 — 2e > SO; + 2H* 


that is 505- + OCI- > CI- + 50: 7 
Chlorine can also act as an oxidizing agent by removal of hydrogen 
atoms. 
Cl; + 2[H] > 2HCI 
For example: 
á CioH16 + 8Cl; > 10C + 16НС1 
turpentine 
(warm) 


HS + Cb >S + 2нС1 
Chlorine сап also oxidize by removal of electrons, since it is highly 
electronegative (2.11), for example: 
2Fe** + Cl > 2Ее+++ + 227 


2I- + Cl, > I; + 227 (chlorine turns starch-iodide paper blue) 
207 


Concise Certificate Chemistry 


N.B. Chlorine oxidizes bromide and iodide ions to the free halogens. 
Bromine, a weaker oxidizing agent, only oxidizes iodide ions, while 
iodine (an even weaker oxidizing agent) does not oxidize any halide 
ions (except astatide ions). 

If a piece of filter paper dipped in potassium iodide solution is held 
in chlorine vapour, the paper will turn brown owing to the iodine dis- 
placed; this is a useful test for chlorine. 

Moist chlorine is used as a bleaching agent, owing to the presence of 
hypochlorous acid. Many coloured substances can be oxidized by this, 
forming colourless ones. Moist litmus is first turned red by the gas and 
is then bleached, this also being a test for chlorine. Commercially, 
moist chlorine is used to bleach fabrics such as cotton, linen and also 
paper. The article is washed well with water after bleaching, since 
hydrochloric acid is formed. 

Chlorine reacts with most other elements forming chlorides. Thus, 
it oxidizes metallic elements forming, in general, ionic chlorides, the ease 
of reaction decreasing with decreasing position of the metal in the 
electrochemical series. It also reacts with non-metals, forming covalent 
chlorides. 

Where the metal forms more than one chloride, the one where the 


metal is in its highest valency state (oxidation state) is formed, for 
example: 


heat 
2Fe + 3Ch —> 2FeCl, (anhydrous ferric chloride) 


(cf. hydrogen chloride reacts with hot iron to give anhydrous ferrous 
chloride). 


Preparation of anhydrous ferric chloride 


Anhydrous calcium chloride 


Iron wire 
(well-packed 
into tube) 
DRY 
chlorine —= 


| Black crystals 
of anhydrous 
| ferric chloride. 


Fume chamber 


Fic. 13.2 


Anhydrous aluminium chloride can be made using the same type of 
apparatus. 
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Chlorine does not combine directly with oxygen, nitrogen, carbon 
or Rare Gases. 
Chlorine reacts with solutions of alkalis, the product depending on 
the conditions. 
(a) Cold, dilute alkali in excess 
20H-+Ch > OCI- + CF + HO 


hypochlorite 
ion 


(b) Hot, conc. alkali, excess chlorine 


60H- + 3Cl > 5CI- + CIO;: + 3H20 
chlorate 
ion 


(this equation is built up as described in 3.4). 


134 HYDROGEN CHLORIDE HC! 


Preparation 


Hydrogen and chlorine combine explosively in the sunlight, and this is 
not, therefore, a convenient preparation. 


н, + Cl > 2на 
Rock salt is heated with concentrated sulphuric acid. 
ж. — -| um Ape en 
манс + SH 4. SO” + Nat + HSO; + HCI 


є А : а 
4 „Тһе gas is collected by downward delivery, being ese il & 
n by concentrated sulphuric acid and collected о ? 
S 15 seldom used in schools). ; ee 
Commercially, it is made by burning hydrogen. Мина 
Specia] jet, or reacting the gases in the presence of Р e E 
ате obtained by electrolysis of concentrated brine (see 3,7. 


acid а der method was to heat Rock sa with concen rated sulphur ic 
tore uri А : in he [dee er prepara- 
tio ture higher than that used in t 

n. 


2NatCl- + H»SOs = 2Na* + 50;  2HCl 


Pro . 
pertie | 
е ell and acid taste. It is heavier 


Tt is А у 
à colourless gas with а choking SM а bits fusi 

| i i i ble in water uni 
ап air, easily liquefied, and is very solu pe 
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experiment can be performed with it, cf. ammonia, nitrogen dioxide; fig. 
4.5). It is a covalent compound (H—C)), but hydrochloric acid, which 
is formed when the gas dissolves in water, is ionic (and therefore a 
strong electrolyte) since it contains hydroxonium and chloride ions 
(H30*, СТ). When hydrogen chloride is passed into water in the 
laboratory preparation of hydrochloric acid, some type of device, e.g. 
a funnel, is needed to prevent ‘sucking back’, 


Preparation of hydrogen chloride and hydrochloric acid 


Cone. sulphuric acid 


| 


Hydrogen 
chloride —> 


Card 


Hydrogen 


Sodium chloride chloride 


Hydrochloric 
acid 


Fic. 13.3 


One volume of water at 0°С dissolves about 500 volumes of hydrogen 
chloride. 


b.p. 110°C. If dilute hydrochloric acid is distilled, water vapour escapes 
until the constant boiling mixture is reached. If concentrated hydro- 
chloric acid is distilled, hydrogen chloride fumes escape until, eventu- 
ally, the constant boiling mixture is again reached, 

Hydrogen chloride is very poisonous, 

When hydrogen chloride comes into contact with ammonia vapour, 
white fumes of ammonium chloride are formed. This is what happens 
when a bottle of concentrated hydrochloric acid is opened near a bottle 
of 0:88 ammonia. 

NH; + HCl > NH;CI- 


If hydrogen chloride is passed into silver nitrate solution, a white 
precipitate of silver chloride is formed. 


НСІ + Ag+ + AgCI} + H+ 
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Hydrochloric acid is a strong monobasic acid, forming salts (chlor- 
ides), for example: 


(а) Zn + 2H* + 221 > Zn** + 2Cl- + Ha 
(b) CuO + 2H* + 2CI- > Си++ + 2CI- + H20 
(c) Nat + OH- + H+ + Cl — Nat + СГ + Н.О 
(a solution of sodium hydroxide is used here) 
(d) (Na*);CO;- + 2H* + 2CI- > 2Na* + 2CI- + H20 + CO2 


Chlorides are generally crystalline salts containing ionic bonds, e.g. 
Na#Cl-. They have varying numbers of molecules of water of crystal- 
lization. Most chlorides are soluble in water, except AgCl, PbCl;, CuCl 
and Hg;Cl;. Lead chloride is much more soluble in hot water than in 
cold. 

The test for chlorides are as follows: 

1. With concentrated sulphuric acid they give hydrogen chloride gas. 
2. When mixed with manganese dioxide and warmed with concentrated 
sulphuric acid they give chlorine. 
3. In solution, they give a white precipitate of silver chloride when re- 
acted with silver nitrate solution, the precipitate being discoloured in 
the light owing to reduction to silver. The precipitate is insoluble in 
dilute nitric acid but soluble in dilute ammonia solution (to give 
Ag(NH3)7 ions). 

Agt + СІ- > AgCl} 


Preparation of anhydrous chlorides 
They cannot always be obtained by evaporation of the solutions, owing 
to hydrolysis, for example: 

FeCl; + 3H20 = Fe(OH); + 3HCIt 


(а) Heat the metal in dry chlorine or dry hydrogen chloride, for 


example: 
2Fe + ЗСІ > 2ЕеСіз (ferric chloride) 


2A] + 3Cl; > 2АІСІз 
Fe + 2HCl > FeCl, + Hof. (ferrous chloride) 


(b) Heat the oxide, mixed with carbon, in chlorine, for example: 


Al,O3 + 3C + 3C1» — 2А1С1 + ЗСО 
Сг;О» + ЗС + 3Cl; — 2CrCls + ЗСО 


(the carbon is needed to rupture the strong metal/oxygen bond). 
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Uses of hydrochloric acid 


It is used for cleaning metal surfaces before galvanizing, etc, as a general 
reagent, and in the ceramics, dyestuffs, and textiles industries, 


Bleaching powder 


This is formed when chlorine reacts with damp solid calcium hydroxide. 
Cl; + Ca(OH), +> Сао.сі, + HO 
It really has a much more complicated formula, 
Ca(OCI); + CaCl;.Ca(OH);.H;O 


It is a white powder which gives off chlorine when reacted with 
dilute acids. 
CaO.Cl; + 2H* > Ca++ + H20 + Cl 


When heated with a solution of cobaltous nitrate (catalyst) oxygen 
is evolved. 


2СаО.С1» +> 2СаС1› + О, 


13.5 OCCURRENCE AND MANUFACTURE 
OF BROMINE 


Bromine occurs as bromide ions in the bromides of Na, K, Mg, present 
in chloride deposits. The bromides remain in solution after the chlor- 
ides have been crystallized out. Bromides are present in sea water. If a 
very concentrated sample of sea water is electrolysed, a yellow colour 
(bromine) appears at the anode. 

Bromine is manufactured from sea water by displacing it with 
chlorine. 

2Br- + Cl; +> 2CI- + Br, 


Provided the bromine is present in fairly large quantity, it can be 
volatilized in steam and condensed to a liquid. 

Bromine can be prepared in the laboratory by warming potassium 
bromide with manganese dioxide and concentrated sulphuric acid. 


2Br- + MnO, + 38,80, = Mn** + SO;- + 2HSO; + Brat 
+ 2H20 
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Preparation of bromine or iodine 


c.HرSO,,‎ MnO; 
and 
KBr or KI 


Cold water 


H 


Fic. 13.4 


13.6 PROPERTIES OF BROMINE 


Bromine is a heavy red liquid with a pungent odour, very poisonous, 
and easily vaporized. The liquid burns the skin and the vapour attacks 
the eyes and nose. 

Jt is slightly soluble in water (forming bromine water, from which 
crystals of the hydrate can be obtained) and is much more soluble in 
organic solvents, e.g. chloroform, carbon tetrachloride, carbon di- 
sulphide. The vapour is diatomic Br». 

Bromine has chemical reactions similar to those of chlorine, but is 
less reactive. Thus, it combines readily with hydrogen only when 
heated. 

Н, + Br; > 2HBr 


It combines with phosphorus and metals only when heated, for 
example: 
2P + 3Br; > 2РВгз 
2Fe + 3Br; + 2FeBr3* 


It displaces iodine from iodides, but not chlorine from chlorides. 
Br; + 21- L + 2Вг- 


The reaction with alkalis is analogous to that of chlorine, i.e. to give 
a hypobromite or bromate according to the conditions. 
Bromine water bleaches, but less vigorously, than chlorine water. 
Bromine is used in the manufacture of certain drugs, in the manu- 
facture of potassium bromide used in medicine and photography, and 
in the manufacture of ethylene dibromide C,H4Brz (10.6); this is added 
* Some ferroso ferric bromide, Fe;Br,, is also formed here. 
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to petrol to remove lead tetra-ethyl, ‘antiknock’, as volatile lead tetra- 
bromide PbBr; (covalent). 


13.7 OCCURRENCE AND MANUFACTURE 
OF IODINE 


Iodine occurs as iodides in sea water (certain seaweed absorbs the 
iodides), and as iodates (particularly NalOs) in Chile saltpetre 
Ccaliche"). 

It is manufactured as follows: 

(a) ‘Kelp’, the ash from burnt seaweed contains potassium iodide, 
and this is extracted with water and heated with manganese dioxide 
and concentrated sulphuric acid. 


2I- + MnO; + 3H2SO, > Мп++ + SO 77+ 2HSO; + 1, + 2H20 


(6) After sodium nitrate has been crystallized out from Chile salt- 
petre, sodium iodate (more soluble) is left in the ‘mother liquor’. This 
is reduced to iodine with sodium bisulphite. 


2105 + SHSO; — 3HSO; + I; + HO + 280; 


Iodine is purified by sublimation. 

It is prepared in the laboratory by oxidation of iodide ions in potas- 
sium iodide, by heating it with manganese dioxide and concentrated 
sulphuric acid. 


13.8 PROPERTIES OF IODINE 


Iodine is a black lustrous crystalline solid which readily sublimes to а 
violet vapour 1. If heated strongly, this dissociates I, = 2I. It is only 
very slightly soluble in water, but is soluble in many organic solvents; 
with those containing oxygen atoms it gives a brown colour (e.g. 
alcohols, ethers), while with those not containing oxygen atoms it 
gives a violet colour (e.g. chloroform, carbon disulphide). 

It dissolves readily in potassium iodide solution forming potassium 
tri-iodide. 

Lt GI 
complex ion (deep red) 

With a solution of starch it gives an intense blue colour (test for 
iodine or starch). 

It is less reactive than bromine. It combines with hydrogen on heat- 
ing, but the reaction is reversible. 


Н, +1 = 2HI 
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It combines with many metals forming iodides and also reacts with 
many non-metals on warming, for example: 


2Na + I; > 2Nal (i.e. 2Na*I-) 
2P + 3I; — 2PIs 


It is less powerful as an oxidizing agent than bromine or chlorine. 
It is not a bleaching agent. 
With sodium thiosulphate, it gives sodium tetrathionate. 


І, + 282077 + S4057 + 2I- 
Chlorine and bromine behave differently, for example: 
4С1„ + 5H20 + S2077 — 8Cl + 10H* + 280;7 


It does not displace chlorine or bromine from solution. 

The reaction with alkalis is similar to that of chlorine and bromine, 
although the hypoiodite, e.g. Мао, is much less stable than the hypo- 
chlorite or hypobromite. 


3NalO +> NalO; + 2Nal (slowly, room temperature) 


Uses of iodine include ‘tincture of iodine’ (iodine and potassium 
iodide dissolved in alcohol and water, used in medicine), and as essential 
element to health (deficiency causes diseases of the thyroid gland, e.g. 
goitre). 


13.9 HYDROGEN BROMIDE AND 

HYDROGEN IODIDE 

These cannot be made by reacting an iodide with concentrated sul- 
phuric acid since this would oxidize (at least partially) the hydrogen 
halide to the free halogen, for example: 


2HBr + #50, — Br; + 2H20 + SO; 


To make hydrogen bromide, liquid bromine is dropped on to a paste 
of red phosphorus and water and the gas evolved passed through a 
tube of moist red phosphorus to remove any bromine still present. 


2P + 3Br; > 2РВгз 
РВг + ЗНО > НзРОз + 3HBr 


For hydrogen iodide, water is dropped on to a paste of red phos- 
phorus and iodine. 
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Preparation of hydrogen bromide 


— Bromine 


Glass beads 
coated with 
red P and 

water paste 


> HBr 
Paste of 

red P and 
water 


Fic. 13.5 


Alternatively, potassium bromide or iodide can be reacted with 
orthophosphoric acid (not a powerful oxidizing agent), for example: 


I- + HPO, > НИ + HPO; 
Preparation of hydrogen iodide 


Glass beads 


coated with 
red P and н! 
water paste 
Red P and 
iodine 
Fic. 13.6 


Both compounds are colourless gases which fume in moist air. They 
are covalent. They form constant boiling mixtures with water (47% 
HBr, b.p. 125°C and 57% HI, b.p. 127°C). They are very soluble in 
water (a funnel is used in the preparation of the acids to prevent ‘suck- 
ing back’). 
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The acids are easily oxidized in the air, turning yellow or brown, 
for example: 


лшн, 
4H* + 4I- + О, + 2H20 + 2L; 


Hydrogen iodide is a powerful reducing agent and is often used as 
such in organic chemistry. 


Tests for bromide and iodide ions in solution 


To the solution, silver nitrate is added. A cream precipitate, insoluble 
in dilute nitric acid but partially soluble in dilute ammonia solution, is 
silver bromide AgBr. A yellow precipitate, insoluble in both reagents, 
is silver iodide AgI. 

Alternatively, if chlorine water is added to the solution, bromine or 
iodine is liberated. If carbon tetrachloride (or chloroform) is added and 
the liquid shaken, a brown colour in the organic layer shows the 
presence of bromine while a violet colour shows iodine. 


13.10 QUESTIONS 


1. Give a brief comparative account (preferably in tabular form) of the 
chemistry of chlorine, bromine and iodine, and their hydrides. 

2. How may hydrogen chloride be prepared in the laboratory? Why 
are hydrogen bromide and hydrogen iodide made differently ? 

3. Use your knowledge of the principles of the Periodic Table to pre- 
dict some features in the chemistry of astatine? 

4. What are the tests for chloride, bromide and iodide ions in solution? 

5. Give an account of the preparation of chlorine. How, and under 
what conditions, does it react with (a) sodium hydroxide, (5) hydro- 
gen sulphide, (c) potassium bromide, (d) water, (e) sulphur dioxide, 
(f) iron? 

What is a test for chlorine? 

6. Describe the manufacture of (a) chlorine, (b) iodine. 

7. What tests would you carry out in order to ascertain whether a 
given gas was bromine vapour or nitrogen dioxide? Calculate the 
weight of 1 litre of each gas at N.T.P. 

8. Describe what you would see when each of the following salts is 
heated with concentrated sulphuric acid: sodium chloride, sodium 
bromide, sodium iodide. How would you prepare hydrobromic 


acid? 
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14.1 DEFINITIONS 


A solution is a homogeneous (same throughout) mixture of two or more 
substances. 

The substance dissolved is called the solute. 

The substance which carries out the dissolving is calied the solvent. 

In general, the solute is the substance present in least quantity while 
the solvent is that present in greater quantity. 

Solutions of solids in liquids are most common, although there can 
be solutions of gases in gases, gases in liquids, liquids in liquids, solids 
in solids, etc. The dissolved particles cannot be seen either with the 
naked eye or with a microscope. 

When talking about solutions, it is important to specify the solvent 
as well as the solute. Thus, sugar dissolves in water but not in carbon 
disulphide. Sulphur is insoluble in water but is soluble in carbon di- 
sulphide. In general a solute dissolves in a solvent which has a similar 
chemical nature. Thus methane dissolves in a hydrocarbon solvent such 
as benzene but not in water. Sodium chloride dissolves in water but not 
in benzene. 

Water is a polar solvent, і.е. the molecules of water are partially 
ionic owing to the difference in electronegativity between hydrogen and 
oxygen (2.11). It is not surprising, therefore, that it dissolves many 
ionic substances but not many covalent ones. The ability of water to 
dissolve ionic substances depends upon (a) the ability of water to weaken 
the forces holding the ions together, (5) the ability of water to hydrate 
the separated ions, thus releasing energy (the energy of hydration) 
needed to complete the solution. When covalent compounds dissolve 
in water, it is generally with the attendant formation of hydrogen bonds 
with water molecules (2.16). 

We know that there is an energy change when a substance changes 
its phase. Is there an energy change involved in solution? You can study 
heats of solution by dissolving 0-1 g-formula weight of a substance 
(e.g. Na2S203, NaOH, NH,CI) in 100 cm? of water in a polythene bottle 
and measuring the temperature change. К 

A suspension is a heterogeneous (different throughout) mixture 
formed when a solid is added to a liquid (fluid) in which it is not 
soluble. For example, sulphur forms a suspension in water and sugar 
forms a suspension in carbon disulphide. A suspension differs from a 


solution in that: 
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1, visible particles are present 
2. the solid particles sediment under gravity to the bottom of the con- 
tainer 
3. the suspended particles can be removed by filtration (see 1.6) 
Colloidal solutions ате those in which the size of the particles is 
intermediate between those in true solutions and in suspensions. The 
colloidal particles cannot be seen with the naked eye, but they are large 
enough to scatter light incident on them, this being the basis for view- 
ing them with an ultramicroscope. 
A. saturated solution is one which contains as much dissolved solid 
as the solvent can possibly dissolve at the given temperature in the 
presence of excess solid. Its composition is fixed at a given temperature. 


Solubility curves 


Solubility in g /100 g of water 


cmd кєт 
0 10 20 30 40 50 60 70 80 90 100 


Temperature in °С 


Fic. 14.1 


The solubility of a solute in a solvent at a given temperature is the 
number of grams of solute which is required just to give a true saturated 
solution when 100 g of solvent are used. 
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The solubility of a solid in a liquid generally rises as the temperature 
rises. If this variation is represented graphically, the graph is called a 
solubility curve. One example of a substance for which the solubility 
decreases with rise of temperature is calcium hydroxide. 

Since a solid dissolves in its almost saturated solution with the 
absorption of heat, it follows (by Le Chatelier’s principle) that the 
solubility of a solid in a liquid increases with rise of temperature.* 


To plot a solubility curve for potassium chlorate 


Weigh 4:5 g of the solid into a boiling tube and add 10 cm? of distilled 
(or deionized) water from a burette. Heat the tube until the solid has 
dissolved. Allow the solution to cool and stir it constantly (with a 
thermometer). Note the temperature at which crystals begin to form. 
At this temperature, the solubility must be 45 g/100 g of water (why?). 
Add a further 3 cm? of water and repeat the determination by allowing 
the solution to cool further. Continue in this way until the following 
table has been completed. Plot the solubility against the temperature, 
drawing a smooth curve through the points. 


Total weight 

of water 

present (in 

grams) 10 13 16 19 24 29 39 49 


Temperature 

at which 

crystals just 

appear 

Solubility at 45 g/ 4:5 g/ 4:5 gl 45 g| 45 в/ 452) 45 gl 4:5 gl 

this tem- 10g 13g 16g 19g 24g 29g 39g 498 

perature of of of of of of of of 
water water water water water water water water 


After completing the experiment, measure the volume of solution 
with a measuring cylinder. 

Comment on the accuracy of the determinations. 

A supersaturated solution is one which contains more dissolved solute 
than does a true saturated solution. The best example is ‘hypo’, sodium 
thiosulphate, Na2S203.5H20, which dissolves in its own water of 
crystallization on heating. On cooling, a supersaturated solution is 
formed which only crystallizes (with the liberation of heat, due to 


* The solubility of a gas in water generally decreases as the temperature riscs—air 
can be expelled from water by boiling it. 
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hydration of the crystals) on the addition of a crystal of hypo, an iso- 
morphous (same shape) substance, or dust. 


142 MEASUREMENT OF SOLUBILITY OF A 
SOLID IN A LIQUID 


(a) Make a saturated solution, keep it in a thermostat, and allow it 
to ‘settle’. 

(b) Remove a volume of this solution with a pipette fitted with a 
filter (to trap solid particles, and pre-heated to the temperature of the 
thermostat if this is above room temperature) and transfer it to a 
weighed evaporating basin. Find the weight. 

(c) Evaporate the solution carefully to dryness (using a water-bath 
and drying oven) and reweigh to find the weight of solute.* 

(d) Calculate the weight of solute dissolved per 100 g of solvent. 


14.3 CRYSTALS, ETC 


Solids can be either crystalline (definite geometrical shape) or amor- 
phous (no definite shape). A crystal is a homogeneous solid bounded by 
severally naturally-occurring plane faces. Crystals can be characterized 
by their shapes. Larger crystals can be ‘grown’ from smaller ones, 
while still preserving their shape, by suspending them for some time in 
a saturated solution of the material. 

Allotropy is the existence of an element in several crystalline forms 
in the same state. Polymorphism is the existence of a compound in 
several forms in the same state, e.g. CaCO; (calcite, aragonite), Hgl2 
(red, yellow). 

Crystals can be obtained by (a) cooling hot saturated solutions or 
allowing cold saturated solutions to evaporate, (b) allowing a molten 
solid (e.g. a metal) to solidify, (c) by subliming a solid. 

If a molten metal is mixed with another molten element, it is often 
found, on cooling, that a mixture called an alloy is formed, e.g. brass 
(copper/zinc), bronze (copper/tin), steel (iron/carbon/other elements). 

Some examples of amorphous substances are pitch and glass. 

A crystalline substance has a definite melting point whereas an 
amorphous substance does not. 


14.4 COLLOIDS 


The nature of the colloidal state has been outlined in 14.1. The col- 
loidal particles can be seen only with an ultramicroscope, which relies 

* Alternatively, the concentration of the solution can be estimated by a suitable 
titrimetric or gravimetric method. 
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on the scattering of light by the particles (Tyndall effect). The scattered 
light can be viewed with a travelling microscope, or examined directly 
(when it is seen as a thick wedge). 

Colloidal particles, when viewed by the ultramicroscope (using a 
travelling microscope), are seen to be in continual zig-zag motion 
(Brownian motion), this being due to bombardment of the particles 
by molecules in the medium in which they are dispersed (dispersion 
medium); the dispersed particles are referred to as the disperse phase. 


The Tyndall effect 
as 
4 
x, | 4 Scattered light 
w 
Lens га М ў. 


Colloidal solution 


Light ‘from arc 
(sol) 


Fic, 14.2 


There are several types of colloidal solution, according to the nature 
of the disperse phase and dispersion medium. 


Table 14.1 
Disperse Dispersion 
phase medium Name Example 
1. Liquid Gas Fog Ordinary fog 
2. Solid Gas Smoke Ordinary wood or coal 
smoke 
3. Gas Liquid Foam Soap bubbles, ‘Aero’ 
chocolate (the liquid has 
solidified here) 
4. Liquid Liquid Emulsion Milk (butter fat dispersed 
in weak sugar solution) 
5. Solid Liquid Sol Starch sol, gelatine sol 


Sols are the most important. When they are concentrated, they 


often set to gels (ordinary table jelly is a gel). 
There is no rigid boundary between colloidal and true solutions, or 
colloidal solutions and suspensions. Thus a mud, or slime, is on the 
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boundary between a colloid and a fine suspension of solid particles in 
a liquid medium. 

Separation of colloids from particles in true solution can be effected 
by dialysis. The solution and the sol are placed in a special parchment 
bag (called a dialysis bag) which is then placed in a container of dis- 
tilled water. The colloidal particles stay in the bag while the dissolved 
particles pass out into the water. 


Dialysis 


ДР" bag > 


Solution + sol 


Distilled water 


Fic. 14.3 


Sols are of two types, lyophilic (solvent-loving, e.g. starch sol, 
albumin, gelatin) and lyophobic (solvent-hating, e.g. colloidal metals, 
ferric hydroxide sol). The latter have a much more pronounced Tyndall 
effect than the former, have a viscosity approximately the same as that 
of water (whereas the viscosity of lyophilic is generally much greater), 
and are irreversible—this means that, when evaporated to dryness, the 
sol cannot be regenerated by addition of water (lyophilic sols, however, 
are reversible—think of making a table jelly). Lyophobic sols can be 
coagulated (precipitated) by the additions of inorganic salts, whereas 
lyophilic sols cannot. Precipitation is normally prevented in a sol by 
the fact that all the colloidal particles їп one type of sol bear the same 
electrical charge, thereby repelling one another. Addition of an ion of 
opposite charge neutralizes that on the colloidal particle, allowing the 
particles to unite into a precipitate. The coagulating power of an ion is 
greater the bigger the electrical charge, i.e. the larger the valency; this 
is called the Hardy-Schulze rule. It is for this reason that Al*** ions are 
used (in the form of Alum) in treating sewage and in shaving (as a 
styptic pencil, which coagulates blood—a ‘negative’ colloid). 

It is often found that a lyophilic sol can protect a lyophobic one from 
coagulation. For example, mayonnaise is an emulsion of oil in vinegar 
with an emulsifier of egg yolk. In many rivers, e.g. the river Nile, clay 
in colloidal solution is prevented from coagulation by organic matter, 
When the sea is reached, the high concentration of salts is able to cause 
coagulation, forming the ‘muddy’ delta. 
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5 QUESTIONS 


Explain carefully the difference between melting and dissolving. 
Comment on the following statement: ethanol is an organic liquid, 
and a covalent compound, and yet it is soluble in water. 

Define solution, solute, solvent, solubility. How would you deter- 
mine the solubility of potassium nitrate in water at 20°C? 

Write briefly on (a) Colloids, (6) Suspensions, (c) Supersaturated 
solutions, (4) Saturated solutions, (е) Crystals. 


. 15 g of a solution at 25°C and 80°C, respectively left, on evaporation, 


2:5 g and 5-0 g of solid. Find, and state correctly, the solubility of 
the solid at both temperatures. [20 g of solute per 100 g of solvent at 
25°C.; 50 g of solute per 100 g of solvent at 80°C.] 

100 g of water dissolve the following weights of ammonium chloride 
at the temperatures named: 


Temp. °C 0 10 20 30 40 50 60 80 100 
Wting 284 328 373 41:3 462 506 550 640 728 


Construct the solubility curve for the solid, and from this determine 
the solubility of ammonium chloride at 24°С and 70°С. 


15 Equivalent, Atomic and 
Molecular Weights 


15.1 EQUIVALENT WEIGHTS OF ELEMENTS 


The equivalent weight of an element is the number of parts by weight 
of it which will combine with, displace, or otherwise play the same part 
as 1 part by weight of hydrogen, 8 parts by weight of oxygen, 354 parts 
by weight of chlorine, or the equivalent weight of any other element. 

[1-gram equivalent weight of an element evolves 11-2 1 of hydrogen 
at N.T.P. 1-gram equivalent weight of an element reacts with 11 ofa 
normal solution (see chapter 17).] 


152 DETERMINATION OF EQUIVALENT WEIGHTS 
(a) By displacement of hydrogen 


A. known weight of metal is reacted with a suitable acid (e.g. zinc 
+ dil. H9SO,, magnesium + dil. НСІ or H3SO,, aluminium with dil. 
HCI, iron with conc. HCI, etc). The hydrogen evolved is collected over 
water at room temperature and the volume and atmospheric pressure 
recorded. In some cases, the metal can be reacted with an alkali (e.g. 
zinc -- NaOH, Al with conc., warm NaOH) or an alcohol (e.g. Na or 
K with ethanol). 

The apparatus for determining the equivalent weight of magnesium 
with dilute hydrochloric acid is shown in fig. 15.1. 

After allowing reaction to proceed to completion, 


Mg + 2H* > Mg** + Hot 


the hydrogen in the graduated tube is transferred, via an evaporating 
basin, to a deep vessel containing water and raised and lowered until 
the levels inside and outside are equal. The volume of gas is then being 
measured at atmospheric pressure, as recorded by a barometer. 

Alternatively, the apparatus of fig. 15.2 can be used; a typical 
experiment could be performed as follows: 

(a) Place a known weight of metal and a small test tube full of con- 
centrated hydrochloric acid into flask A. 

(b) Reconnect flask A. Raise the tube C till the level of water in it is. 
several inches above the level in tube B. If the levels remain constant 
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the apparatus must be airtight. If not, remedy the situation before pro- 
ceeding. 


(c) Now equalize the levels in tubes B and C. This ensures that the 


pressure inside the flask is atmospheric pressure. Read off the liquid 
Jevel in tube B. 


Graduated 
tube 


Dil. 
hydrochloric 
acid 
Funnel 
(helps in 
manipulation) 
Water 
Magnesium 
(a) 
н, + Раст 
Оеер 
vessel 
Evaporating 
basin 
(b) © 


Fic. 15.1 


(d) Spill acid on to the metal in A by tilting the flask. As hydrogen 
js evolved and pushes the water level in B down run water out of the 
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tap X at such a rate that the liquid levels in B and C remain approxi- 
mately equal. 

(е) When evolution of hydrogen ceases allow the apparatus to cool, 
equalize the levels in tubes B and C, and 
read the liquid level in B. 

(f) Record the barometric pressure and 
the room temperature. Look up the value 
of the vapour pressure of water at this 
temperature. 


Example. 0:160 g of a metal displaced 
156 cm? of hydrogen under the above 
conditions, the temperature of the water 
being 19:0°С and the barometric pressure 
769 mm. If the saturated vapour pressure 
of water at 19-0°C is 16:0 mm, calculate 
the gram equivalent weight of the metal. 
The pressure of hydrogen to which 
the general gas equation (see 2.21) may be 
applied is 769—16 = 753 mm. Ег. 15.2 
N.B. Always subtract the saturated 
vapour pressure before applying the gas equation. 


753 ., 273 


Volume of hydrogen at N.T.P. — 760 x 292 x 156 cm? = X cm? 


By the gram molecular volume (2.20), 
22400 cm? of hydrogen at N.T.P. weigh 2 g 


E 2 
. 3 —— 
^. X cm? of hydrogen at N.T.P. weigh 22400 xXg 
This weight of hydrogen was displaced by 0-160 g of metal, i.e. 1 g 
of hydrogen would have been displaced by 


22400 760. 292, 1 an, 
2; X 353 < 373 < 1565—1248 


i.e. the gram equivalent weight of metal = 12:4 (magnesium) 


0-160 x 


(b) By direct combination with oxygen 
(i) Where the oxide is a solid, e.g. MgO. 
Weigh a crucible and lid. Insert a small coil of magnesium ribbon 
(cleaned with emery paper) and reweigh. Heat strongly, occasionally 
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raising the lid. Allow to cool, add a few drops of water (to convert any 
Mg;3Nz2 to MgO), and reheat. Allow to cool and reweigh. Repeat until 
the weight is constant, showing that reaction is complete. 

(ii) Where the oxide is gaseous, e.g. carbon, sulphur. 

Heat a weighed quantity of the element in a stream of air or oxygen. 
Collect the oxide by absorption in weighed bulbs of potassium hydrox- 
ide solution and hence find the increase in weight, due to absorption of 
the oxide. 

The following (over-simplified) result may be obtained: 


10 g of element — 14 р of oxide 

10 g of element combine with 4 g of oxygen 
20 g of element combine with 8 g of oxygen 
the gram equivalent weight = 20 g 


(c) Conversion of metal to oxide with 
concentrated nitric acid 


Example. Weigh a small quantity of zinc or tin in a weighed boiling 
tube and slowly add the minimum quantity of concentrated nitric acid 
needed to react completely with all the metal. Evaporate the solution 
slowly to dryness, shaking the tube continuously to prevent bumping or 
spitting. Heat strongly near the end of the heating, allow to cool, and 
weigh the test tube now containing the oxide. 

Calculation—as above. 


(d) Reduction of a metallic oxide 


Reduce a known weight of the oxide (low in the electrochemical series, 
e.g. CuO, PbO) in a stream of hydrogen or coal gas (see section 6.5) and 
weigh the metal obtained. The change requires heat and it is important 
to continue passing coal gas or hydrogen while the metal is cooling 
(why 2). 

The calculation is similar to that in (5). 


(e) Displacement of one metal by another 


Example. Weigh a coil of thin iron wire or a piece of zinc foil. Place it 
in a basin and stir it with excess warm cupric sulphate solution; leave 
for as long as possible. Remove the copper produced (all the iron is 
now ‘dissolved’), wash with distilled water, dry and weigh. 
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If it is found, say, that 1-03 g of zinc gave 1-00 g of copper, it fol- 
lows that 32-5 g of zinc will replace 31-5 g of copper (the equivalent 
weight). Hence, the gram equivalent weight of zinc is 32-5 g. 


Zn + Cut — Zn** + Си} 
(f) By electrolysis (see 3.2) 


(g) By titrimetric analysis 
Dissolve a known weight of metal (e.g. Mg, Al, Fe) in excess of a solu- 
tion of an acid of known concentration. Titrate the unused acid with 


standard alkali solution. 
Example. 1-04 р; of a metal was found to react with 32:2 cm? of N- 


sulphuric acid. Calculate the gram equivalent weight of the metal. 


1:04 
1000 cm? of N acid were used by To оо g of metal 


= 32:25 


i.e. the gram equivalent weight = 32:2 g. 


(h) The conversion ratio method 


The equivalent weights of various acid radicals are taken as the weights 
of these radicals combining with 1 part by weight of hydrogen, for 


example: 
HCI H2SO4 HNO; 


РІ LPE] 
( ds 1 48 1 62 


If a given weight of one compound is converted into a measured 
weight of another compound, these weights are in the ratio of the 
equivalents of the compounds as calculated from the equivalent weight 


of the metal and the acid radicals. 

Example. A solution containing 2:20 g of lead nitrate gave 2-02 g of 
lead sulphate on precipitation with sulphuric acid. If the equivalents of 
the nitrate and sulphate radicals are 62 and 48 respectively, find the 


equivalent weight of lead. 
220 _ x + 62 

202 x+48 

giving x = 103-5. 


(x = equivalent weight of lead) 
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15.3 RELATIONSHIP BETWEEN EQUIVALENT 
AND ATOMIC WEIGHT 


Let the formula of an oxide be X20,, and let the atomic weight of X 


be А; п 15 the valency of X. 
Then the molecular weight of the compound is 2A + 16n. That is: 


16n parts by weight of oxygen unite with 2A parts of X 
" a ie дА. 
8 parts by weight of oxygen unite with Téa x8 
A 
= parts of X 


But, by definition, this is the equivalent weight of X. That is: 


or Atomic wt = Equivalent wt. x valency. 


15.4 DULONG AND PETIT’S METHOD 
FOR ATOMIC WEIGHTS 


The law (1819) stated that, for most solid elements, 
Atomic wt X Specific ht = a constant (approx. 6:4) 


Exceptions include beryllium, boron, carbon and silicon. 
1. The specific heat is determined. 

2. The accurate equivalent weight is determined. 

3. V x E = A, but A x s = 64 


У = AJE = 64/s.E 


(where E = equivalent weight, A = atomic weight, V = valency (must 
be a whole number), s = specific heat) 

Then V x E = A. 
Example. Zinc: gram equivalent weight by displacement of hydrogen 
= 32:5 8. 
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Specific heat = 0-092 cal/g 


64 
Valency = 5552 x 323 77 


Atomic weight — 2 x 32:5 — 65:0 


15.5 CANNIZZARO'S METHOD FOR 
ATOMIC WEIGHTS (1858) 


1. The vapour densities, and hence molecular weights (see 2.22), of a 
large number of volatile compounds of an element are found; the 
method cannot be used unless the element forms a large number of 


Such compounds. А ' 
2. The compounds are analyzed in order to find out the weight of 


element in a given weight of each one. 
3. The weight of element in one gram molecule (2.20) of each compound 


is computed. 1 | Д 
4. The most probable atomic weight is the smallest value obtained. 
Example: carbon, where the volatile compounds could be CO;, CO, 
C2H2, C;H4, CHa, (C2Hs)20 (diethyl ether), C6H6 (benzene), CHCl; 
le: 
(chloroform), fon SARE Percentage Weight of 
1 gram by weight of carbon in 
Compound VD. MW. molecule carbon in 1 gram 
compound ^ molecule 


M 8 16 16 grams 750% 12g 
coe 15 30 30 grams 800% 24g 
Acetylene 13 26 26grams 923 % 24% 
Benzene 39 78 78 grams 923 % 72g 
Propane 02 44 44 grams 81:8 % 36g 
Carbon dioxide 22 44 44 grams 273% 12g 


i i ly 12. 
т t value obtained would be approximate h 
ts pee to use the value of the atomic weight so obtained to 
find a valency, and hence the accurate atomic weight via an equivalent. 
A 


15.6 ACCURATE ATOMIC WEIGHTS 


These are usually determined from a quantitative analysis of a com- 
pound of known formula, and containing other elements whose atomic 


weights are accurately known. 
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Example. 2:859 g of pure CaCO; gave, on ignition, 1-602 g of CaO. 
Find the atomic weight of calcium. (C = 12, O = 16) 


CaCO, = CaO + сол 


х + 12+ 48 x+ 16 (x = atomic weight of 

calcium) 
Tine х + 60 2859 
ence; х+16 1-602 


By cross multiplication, 


2-859x + 45-74 = 1-602x + 96:12 
1-257х = 50:38 
x = 40:08 


i.e. atomic weight of calcium = 40-08. 


15.7 DETERMINATION OF MOLECULAR WEIGHTS 
OF GASES BY DIFFUSION 


Graham’s law of diffusion has been given in 2.23. When a gas under 
pressure is forced through a fine orifice into a region containing 
another gas, the process is called effusion. The rate of diffusion of a gas 
is proportional to its rate of effusion. Hence, the relative rates of effu- 
sion of two gases are inversely proportional to the square roots of their 
molecular weights. 


If t, and t; are the times taken for a given definite volume, V, of each 
gas to effuse into the air, then 


Ж. ا‎ SMa so 
d pear ue LE 


These times of effusion are measured with an effusiometer (fig. 15.3). 
Each gas is admitted in turn and the time taken for the water level 
(or mercury level if either gas is soluble in water) to rise from M; to 


M; noted. 
Example. Time for air (t;) — 265 secs; time for hydrogen (t;) — 70 


secs; find the density of air. 
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Effusiometer 
ghe platinum plate 


Glass tube 


Outer container 


Water (or mercury) 


Fic. 15.3 
From the theory developed, 


= = / р (where D is the density of air) 


265 \* 
D= (22) = (3-79)? = 14-3(6) 
-14 


15.8 DETERMINATION OF MOLECULAR WEIGHTS 
OF GASES BY REGNAULT’S METHOD 
(MODIFICATION) 


The flask is weighed full of air at atmo- 
spheric pressure and temperature. It is 
then weighed full of gas (under test) at 
atmospheric pressure and temperature. 

The volume of the flask is found by 
filling it with water. 

Convenient gases are SO;, CO2, HCI. Density flask 
Care should be taken that the gas is passed 
through in the right direction (why ?) and 
that the pressure is atmospheric when the 


clips are closed. 
The volume is corrected to N.T.P. If it is assumed that 1 litre of air 


at N.T.P. weighs 1:29 g, the weight of air in the flask can be deduced. 
Hence, the weight of the ‘empty’ flask is determined, and therefore the 
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weight of a known volume of the test gas at a definite temperature and 
pressure. 


15.9 MOLECULAR WEIGHTS OF VOLATILE 
LIQUIDS 


Several methods are available, and are discussed in more advanced 
textbooks. In Victor Meyer’s method, a given weight of liquid is vapor- 
ized and this vapour displaces a corresponding volume of air which is 
collected in a graduated tube and measured under atmospheric condi- 
tions. Suitable liquids are chloroform, carbon tetrachloride, carbon 
disulphide, etc. 

To calculate the vapour density (or molecular weight), we proceed as 
follows: 

Let measured volume over water = V cm?. 
1. Correct to N.T.P., allowing for water vapour present = V, cm? 
2. Then V, cm? weigh  g (i.e. the weight of liquid taken) 


22,400 cm? weigh v x 22,400 — M.W. 

2 M.W. 
or 11,200 cm? weigh v x 11,200 = V.D. 
d VD. 


15.10 MOLECULAR FORMULAE OF GASES 
(a) Volumes of gases reacting together 


CARBON DIOXIDE, SULPHUR DIOXIDE 


A small piece of graphite or sulphur is placed in the flask, which is filled 
with oxygen. Mercury in A is sucked up to a convenient level by means 
of a pump. The carbon or sulphur is heated, when it burns forming the 
dioxide. Initially, there is an expansion, since the gases are hot but, on 
cooling to the original conditions, it is found that there is no change in 
volume; therefore each gas contains its own volume of oxygen. 


HYDROGEN SULPHIDE 

A current of dry hydrogen sulphide is passed slowly through the tube 
and the ends of the tube are then sealed off in a blowpipe flame. The 
tube is warmed so that the metal combines with the hydrogen sulphide, 
forming the sulphide and leaving hydrogen. On cooling to room 
temperature, one end is broken under mercury. It is found that no 
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Flask 


Graphite 

or sulphur 
(i) Oxygen 

= (ii) Vacuum pump 


A 
| 
әр Mercury 


Гіс. 15.5 


mercury enters the tube, showing that there has been no change in 
volume. 


HYDROGEN CHLORIDE 

The two bulbs (of equal volume) are filled with hydrogen and chlorine 
respectively and the central tap is opened. After exposure to diffused 
light, and later to bright light, one end is opened under mercury. No 
mercury enters, showing that there is no decrease in volume. 


p Copper or tin strip 
bm mu ce rs 
Glass tubing 
Fic. 15.6 


The end is then closed, and later opened under a dilute aqueous 
solution of potassium iodide. Because of the ready solubility of hydro- 
gen chloride (cf. fountain experiment) both bulbs are completely filled 
and the solution shows no brown colour due to iodine, which would be 
liberated if any free chlorine was present (13.3). 

Hence hydrogen chloride only is left after the reaction, i.e. one 
volume of hydrogen plus one volume of chlorine react to give two 


volumes of hydrogen chloride. 


Fic. 15.7 


AMMONIA 

A glass tube is divided into three equal volumes by rubber bands and is 
filled with chlorine. A few cm? of 0:88 ammonia are dripped into the 
tube, which is kept cool by stroking it with a cloth soaked in ether. 


The hydrogen in the ammonia combines with the chlorine forming 
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hydrogen chloride, and then ammonium chloride, which settles as a 
white solid at the bottom of the tube. 

Water containing a little dilute sulphuric acid (to dissolve any free 
ammonia) is dripped into the tube and fills two-thirds of its volume. 
This shows that the volume of residual gas (nitrogen) is one volume at 
atmospheric pressure. 

This volume of nitrogen must have been combined with three volumes 
of hydrogen in ammonia, since it is known that three volumes of 
chlorine require three volumes of hydrogen to form hydrogen 
chloride. 

Hence, there are three volumes of hydrogen to one volume 
of nitrogen. 


WATER 

Oxygen is passed into a eudiometer tube (fitted with a 3-way 
tap), and its volume is measured at atmospheric pressure. 
Hydrogen is then admitted and the additional volume 
measured, also at atmospheric pressure. The gases are 
Fic. 15.8 sparked from an induction coil, with a cork in the right- 

* “2° hand side to prevent the escape of mercury. 

The residual volume of gas is measured at atmospheric pressure. It 
is best to take about equal volumes of the two gases so that the re- 
maining gas is oxygen. It is found that two volumes of hydrogen are 
united with one volume of oxygen, and that two volumes of steam are 
produced, 

The experiment can be repeated for steam, the eudiometer tube 
being surrounded by a heating jacket of amyl alcohol vapour (b.p. 
130°C). The additional final volume due to the fact that water remains 
as steam can be measured. It is again found that one volume of oxygen 
is united with two volumes of hydrogen. 


+ = 


Mercury 


Fic. 15.9 


N.B. Electrolysis of water containing a trace of an electrolyte (e.g. 
H,SO,) gives 2 volumes of hydrogen to every 1 volume of oxygen. 
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OXIDES OF NITROGEN 
Iron wire ignited electrically in a closed volume of the gas combines 
with oxygen, leaving nitrogen. 


1 volume of nitrous oxide —> 1 volume of nitrogen 
МО > № 

2 volumes of nitric oxide —> 1 volume of nitrogen 
2NO — № 


With nitrogen dioxide, the result depends upon the percentage of 
N20; in the vapour. 


(b) Molecular formulae 


The general methods are 
1. Gravimetric analysis plus a molecular weight determination. 


2. Eudiometry plus a vapour density determination. 


Example: Carbon dioxide 

It is found that 1 volume of oxygen produces 1 volume of carbon 
dioxide. By Avogadro's hypothesis (see 2.1), 1 molecule of oxygen 
produces 1 molecule of carbon dioxide, ie. the formula is C,O;. 
The experimentally determined vapour density (22) gives a molecular 


weight of 44. 


Hence, 12x 4- 32 — 44 5 х=1 
*. formula is СО; 


The molecular formula of ozone 

Two identical bulbs are filled with ozonized oxygen. In one case the 
ozone is absorbed by oil of turpentine while in the other it is heated to 
give oxygen. Results show that the contraction in volume when the 
ozone is absorbed to the volume of oxygen produced is 2:3 


2 volumes of ozone — 3 volumes of oxygen 
By Avogadro's hypothesis (see 2.1) 
2 molecules of ozone — 3 molecules of oxygen (05 


that is ozone is Оз 
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Formulae of gaseous hydrocarbons 
A known volume of the compound is exploded with excess oxygen 
over mercury in a eudiometer tube. The volume of carbon dioxide 
produced is determined by absorption in potassium hydroxide solution 
while steam is usually condensed to water of negligible volume. Some- 
times, excess oxygen is absorbed in alkaline pyrogallol. 

If the formula is C,H,, the general reaction is: 


CH, + (s + У) О» == XC; £ 3H20 
1 vol (s T 5) vol > xvol negligible vol (if water) 


Contraction on sparking = ( 1+ z) vol. 


Contraction with potash = x vol. 


Example. After 10 cm? of a gaseous hydrocarbon had been exploded with 
60 cm? of oxygen, the volume of remaining gases was 45 cm?. 20 cm? 
of this were absorbed with potash. Find the molecular formula of the 
hydrocarbon, assuming that all measurements were made at room 
temperature and pressure. 

Let 10 cm? = 1 volume. Volume of СО» = 20 cm? = 2 vol, i.e. 
x=2 

Contraction on sparking = (10 + 60 — 45) = 25 cm? = 2:5 vol 


Уо, i = 
1+ 7=25, је. у=6 


. .. molecular formula is С.Н, (ethane) 


15.11 QUESTIONS 


1. 0-60 g of a metal liberated from an acid 170 cm? of hydrogen at 
N.T.P. Find the equivalent weight of the metal. [39:2] 
2. A metal has an equivalent weight of 12. What volume of hydrogen 
at N.T.P. would be evolved when 0-270 g of it reacts completely 


with an excess of a dilute acid? [250 cm?] 
3. If 10-2 g of a metallic oxide gave 8 g of the metal on reduction, find 
the equivalent weight of the metal. [29-1] 


4, When 2:55 g of zinc were reacted with dilute nitric acid and the 
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solution was evaporated and heated, 3-18 g of residue remained. 
What is the equivalent weight of zinc? [32-5] 


. 0-50 g of a mixture of zinc powder and aluminium gave, with dilute 


acid, 280 cm? of hydrogen. Find the percentage composition of the 
mixture by weight. [24-497 Al, 75:6% Zn] 


. Describe how the equivalent weight of magnesium might be 


determined by utilizing the displacement of hydrogen from a dilute 
acid. 


„ Describe the determination of the equivalent weight of copper by 


reduction of its oxide. 


. 0:385 g of iron liberated, from hydrochloric acid, 169 cm? of 


hydrogen measured over water at 20°С and 755 mm. The S.V.P. 
of water at 20°С is 18 mm. Find the equivalent weight of iron. 
[28:0] 


. An element M has a valency of 2. It is found that 1:4 g of M 


displace all the hydrogen from 2:45 g of sulphuric acid. Find the 
equivalent and atomic weight of X. [28, 56] 
The equivalent weight of zinc is 32-5. 65 g of zinc precipitate 64 g 
of copper when added to excess of cupric sulphate solution. Find 
the equivalent of copper. [32] 
1:656 g of lead are dissolved in nitric acid and precipitated as lead 
sulphate by dilute sulphuric acid. The weight of lead sulphate is 
2-424 в. Find the equivalent weight of lead, given that the equivalent 
of the sulphate radical is 48. [103-5] 
A metal X forms two chlorides (anhydrous). From 2:00 g of the 
metal, 4:54 g and 5:80 g of the chlorides can be produced, re- 
spectively. Find the equivalent weights of the metal. The equivalent 
of chlorine is 35:50. [27:95, 18-68] 
Explain carefully how Dulong and Petit’s law can be used to 
determine atomic weights, pointing out its limitations. 
The specific heat of an element is 0:032 cal/g. Find its approximate 
atomic weight. If the equivalent weight of this element in one of its 
compounds is 65:57, find the accurate atomic weight. [196-7] 
The specific heat of a metal is 0:056. When 0:75 g of the metal was 
reacted with excess of a dilute acid, 158 cm? of dry hydrogen at 
15°C and 750 mm were evolved; find the atomic weight of the metal. 
[112-76] 
Derive the relationship between equivalent weight, valency and 
atomic weight. 
Define (а) valency, (b) equivalent weight of an element. The 
formula of an oxide of a metal X is X203. If the oxide contains 
80 per cent of X, (a) find the valency of X, (b) find the equivalent 
weight of X, (c) find the atomic weight of X. 


239 


Concise Certificate Chemistry 


18. 


19. 
20. 


21. 


22. 


23. 


24. 


25. 


26. 


240 


When a current of 0:5 amp was passed through a solution of an 
electrolyte for 32 min 10 sec, 0-406 g of a metal X was deposited. 
The vapour density of the anhydrous chloride of the metal was 114. 
Find the probable atomic weight of X. 1 faraday — 96,500 
coulombs. [121-8] 
Describe carefully the determination of the molecular formula of 
ammonia. 

Describe the determination of the molecular formula of sulphur 
dioxide. 

A mixture of oxygen and hydrogen occupies 24:4 стз. After 
sparking, the gas remaining (oxygen) occupies 3-7 cm?. Find the 
composition of the mixture. [13:8 cm? H3, 10:6 cm? O2] 
А metal X has a valency of 3 and its sulphate has 18 molecules of 
water of crystallization. 10 g of the crystalline sulphate gave 
1:530 g of the oxide. Find the atomic weight of X. [26:95] 
A strip of a metal M, weighing 2-25 g was converted to the oxide 
(3:34 g). The atomic weight of the metal was 45; what is the valency. 
What weight of the chloride would be produced if 2 g of M were 
heated in a stream of dry chlorine? [3, 6-73 g] 
The chloride of a divalent metal contains 64 per cent chlorine. 
Find the atomic weight of the metal. [39-9] 
A metal М forms two oxides. 24-0 р of the first oxide contain 4-8 g 
of oxygen; 16-0 g of the second oxide contain 4-0 g of oxygen. 
Find the probable atomic weight of M. [96] 
0:56 g of a metal M liberated 224 cm? of hydrogen at N.T.P. from 
excess dilute hydrochloric acid. Calculate the equivalent weight of 
M. If an oxide of M contained 30 per cent of oxygen by weight, 
what is the probable atomic weight of M? [28, 56] 


16 Rate of Reaction a 
Law of Mass Actio 


16.1 THE LAW OF MASS ACTION RC * 
AND WAAGE, 1867) Sw 2111 A 
The velocity of a chemical change is directly proportional: ‘active 
masses’ of the reacting substances. 

‘Active mass’ is the concentration in g-molecules per litre (gases, 
substances in solution), or pressures (gases). The active mass of a solid 
is a constant. 

That the rate of reaction is greater the greater the concentration of a 
given reactant can be seen from the following experiment. If 5 cm? 
Portions of 0-2 molar (0:2 normal) hydrochloric acid are added to 
separate 5 cm? portions of 1-5 molar (1:5 normal), 1 molar (1 normal) 
and 0-25 molar (0:25 normal) solutions of sodium thiosulphate, and 
the times when the sulphur first appears (milkiness) are recorded, it will 
be found that the reciprocal of the times is proportional to the original 
concentration of sodium thiosulphate, i.e. 


cc Concentration of thiosulphate 


" 1 
Rate of reaction cc — 
Time 


In this experiment a constant concentration of acid is used. 
By mixing the same thiosulphate and acid solutions at different 


temperatures (say 30°С, 60°С), it can easily be shown that rise of tem- 
perature causes an increased rate of reaction. 


S2057 + 2H* +> SO; + H20 + S 


Chemical reactions can be classified as either irreversible, which 
proceed completely in one direction, or reversible, in which the forward 
and reverse reactions both proceed appreciably and eventually reach a 
state of chemical equilibrium (here the rate at which molecules of 
reactants pass into products balances the rate at which molecules of 
products decompose). In general, ionic reactions are irreversible and 


instantaneous, for example: 
Nat + OH- + H+ + CI- + Na* + CI” + HO 


Agt + NO; + H+ + CI- + AgCI} + H+ + NO; 
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It is important to realize, however, that a reversible reaction can be 
‘complete’ under each set of conditions. Thus the reaction 


2 2Sb?* + 36,5 = 5693 + 6H* 


ва ‘reversible reaction hardly ever regarded as an equilibrium. The 
reaction 
is 3Fe + 4H20 = Fe30, + 4H» 

is reversible, but does not set up an equilibrium under the conditions 
used in the preparation of hydrogen. 


16.2 THE EQUILIBRIUM CONSTANT 


Using the law of mass action, it is possible to deduce, for a reversible 
reaction, an important quantity called the equilibrium constant. 
Consider a general reversible reaction. 


А+Вес+р 


By the law of mass action, the velocity of the forward reaction is given 
by: 
vı = k, [AJB] 


The velocity of the reverse reaction is given by: 
у; = k2[C][D] 
When equilibrium is reached, v; = V2 
k,[A][B] = k2[C][D] 


_ CID] 
ГАБ] 


where Ка, К: are called velocity (rate) constants, K is the equilibrium 
constant, and the square brackets represent ‘active masses’. By conven- 
tion, the equilibrium constant is written as the product of the concentra- 
tions of the substances produced in the forward reaction divided by the 
product of the concentrations of the reactants in the forward reaction. 

It can be shown that the same expression for K holds whatever the 
mechanism of the reaction. 

If, then, the concentration of reactant A in a particular reversible 
reaction involving A, B, C, D is raised, and B is kept constant, the result 
is a decrease in the concentration of B and an increase in the con- 
centrations of C and D. Consider the reaction of steam on red-hot iron, 


A B С D 
3Fe + 4Н»О = Резо, + 4H; 


кјк = К 
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(а) If the active mass of steam is increased, and the active mass of a 
solid is constant, hydrogen is produced. 

(b) If the active mass of hydrogen is increased, and the active mass of 
a solid is constant, steam is produced. 

(c) The reaction depends only upon the partial pressures of two 
gases because two solids are concerned. 

In the dissociation of calcium carbonate, 


CaCO; = CaO + CO; 


if the carbonate is heated in an open vessel so that the carbon dioxide 
can escape, the-reaction proceeds completely to the right; if, however, 
the carbonate is heated in a closed vessel to which carbon dioxide is 
added under slight pressure, the reaction proceeds to the left. 

Note again that the reaction involves two solids and therefore 
depends only on the partial pressure of carbon dioxide. 

In the Haber process, 


Na + 3H2 = 2NH3 AH = —24 kilocalories (evolved) 


an excess of hydrogen must be used for a given concentration of nitro- 
gen if there is to be a large quantity of ammonia at equilibrium. 

Le Chatelier's principle (see 8.8) is a useful rule which predicts 
qualitatively what the expression for the equilibrium constant can do 
quantitatively. 

Le Chatelier's principle is of great value in predicting the effect of 
temperature and pressure on the equilibrium mixture of a reversible 
reaction, as has already been explained for the Haber (9.4) and Contact 
(8.8) processes. 

(a) Exothermic reactions—favoured by low temperatures. 

(b) Endothermic reactions—favoured by high temperatures. 

(c) Gaseous reactions in which there is a decrease in the number of 
molecules in the forward direction—forward products favoured by 
high pressures. 

(d) Gaseous reactions in which there is an increase in the number of 
molecules in the forward direction—favoured by low pressures. 

(e) Gaseous reactions in which there is no change in the number of 
molecules— pressure has no effect on the equilibrium mixture (but it 


does affect the rate). 


Examples 
(а) N» + ЗН, —2NH. heat liberated = 24 kilocal. 
280, + О, = 2803 heat liberated = 45 kilocal. 
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(b) № + О; =2NO heat absorbed = 43 kilocal, 
n~ 
C + HO = СО + Н. heat absorbed = 32 kilocal. 


water gas 
(c) № + 3H; = 2NH3 
(4 mol — 2 mol) 
250, + О, = 250; 
(3 mol — 2 mol) 
(d) PCl; = PCl; + Cl; 
(1 mol — 2 mol) 
(e) 2HI = Ha +1 
(2 mol — 2 mol) 
N» + О; =2NO 
(2 mol — 2 mol) 


16.3 FACTORS INFLUENCING REACTION 


The law of mass action shows quantitatively how the velocity of a 
chemical reaction depends upon the initial concentrations of the re- 
actants.* The rate is measured by the number of gram-molecules of a 
reactant undergoing reaction in unit time. In a more advanced text, 
you will learn about this quantitative treatment (order and molecularity 
of a reaction). The molecularity of a reaction is merely the number of 
molecules reacting according to the ‘rate-determining’ step of the re- 
action, Most reactions can be broken down into several stages, which 
take place at different rates, the slowest stage being ‘rate-determining’- 
The order is the number of atoms or molecules whose concentrations 
determine the rate of reaction. 
Suppose that A and B react to give products, and that 


Rate of reaction = k[A]"[B]" 


where k is the rate constant, the square brackets represent concentra- 
tions in gram-molecules per litre, and m and n are numbers (0, 1, 2 or 
occasionally fractions). The sum (m + n) for a reaction is the order of 
reaction. The order is m with respect to A and n with respect to B. 

We find that the rate of a reaction (or the rate of establishment of 
equilibrium of a reversible reaction) is increased by having a greater 
concentration of any one (or all) reactant(s). This can be deduced from 
the kinetic theory by assuming that the velocity of a reaction is pro- 
portional to the number of molecular collisions per second. 

The rate of a reaction is always increased by employing a higher 


* As you will see at а later stage in your chemistry studies, however, many 
reactions do not follow the simple law of mass action. 
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temperature. This is expected, since the velocity of all reacting mole- 
cules is increased by heating, this giving rise to a greater number of 
molecular collisions per second. A 10°C rise in temperature approxi- 
mately doubles the rate of reaction. For gaseous reactions, an increase 
of pressure brings the reacting molecules closer together, increasing the 
Concentration, and therefore increasing the rate of molecular collisions 
(i.e. the rate of reaction increases). Since pressure has a negligible effect 
on the volume of a solid or liquid, it affects only gaseous reactions. 

The effect of pressure and temperature changes on reversible re- 
actions has already been mentioned. 

The rate of a reaction is frequently affected by the physical states of 
a and by the presence of substances called catalysts (see 

The reaction between sodium thiosulphate solution and dilute 
hydrochloric acid, given in 16.1, can be used to show the way in which 
Concentration influences the rate of a reaction. The effect of temperature 
Оп the rate of a reaction can also be studied by carrying out the reaction 
at two different temperatures. 

Alternatively, the reaction between marble and hydrochloric acid 
can be studied. 

CO;- + 2H* + CO; + H;O 


The marble is placed on a balance and the weight determined at regular 
Intervals, 


16.4 CATALYSIS 


A catalyst is a substance which increases the rate of a chemical reaction 
Without being itself affected in quantity or in chemical composition. 
Ome substances decrease the rate of a reaction and are sometimes 
Called ‘negative catalysts’. Й 
In a given reaction, several different catalysts may be effective, but 
they will differ in efficiency; many industrial processes depend for 
Success on the choice of the most efficient catalyst. 
here are some cases where the nature of the final products may 
depend on the catalyst. aw 
It should be clearly understood that the position of equilibrium of a 
Teversible reaction is unaffected by the presence of a catalyst. The 
forward and reverse reactions are speeded up equally, i.e. only the rate 
Of attainment of equilibrium is altered. 
de importance of catalysts depends upon t 
# егтіс reactions where the alternative met 
ate (i.e. raising the temperature) would produce а 


heir effect on reversible 
hod for increasing the 
diminished yield. 
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Although a catalyst is unchanged chemically at the end of a reaction, 
its physical state may be altered, e.g. if granular manganese dioxide 
js used to catalyse the decomposition of potassium chlorate by heat, 
it is obtained as a fine powder at the end of the reaction. 

A catalyst is usually specific, ie. a catalyst for one reaction will not 
usually be suitable for another reaction. On the other hand, some 
substances (e.g. platinum) will catalyse a wide variety of reactions. 

A minute trace of catalyst will often continue to work indefinitely. 
A catalyst only alters the rate of reaction and not the yield of product. 

The efficiency of a catalyst is often changed by the presence of 
another substance. If the efficiency is increased, the substance is called a 
promoter. If the efficiency is decreased, it is called an inhibitor or poison. 
Thus, alumina promotes the ferric oxide catalysi in the Haber process. 
Catalyst prisons are usually those which poison the body, e.g. hydrogen 
cyanide, hydrogen sulphide, arsenious oxide. 

Enzymes are biochemical catalysts, and can affect many important 
reactions, e.g. glucose is converted to ethanol by zymase in yeast. 

In autocatalysis, the reaction is catalysed by one of the products, 
e.g. the rate of oxidation of oxalic acid by acidified potassium per- 
manganate is catalysed by manganous ions produced. 


2MnO; + 6H* + 5(СООН), — 2Mn** + 86,0 + 10CO;1 


The change from white tin to grey tin is catalysed by grey tin—this is 
one of the reasons for the failure of Scott's expedition to the Pole, 
since his fuel cans decomposed owing to the autocatalysis of white to 
grey tin by spots of grey tin (produced at the very low Polar tempera- 
ture). 

Some reactions are catalysed by light, this being called pAoto- 
catalysis, e.g. photosynthesis reaction, reaction of hydrogen with 
chlorine. 


Examples of catalysis 

1. The Haber process for ammonia (ferric oxide, promoted by alumina). 
2. The Contact process for sulphuric acid (vanadium pentoxide). 

3. The decomposition of potassium chlorate to prepare oxygen 
(MnOs, CuO, FeO, or NiO). 

4, The Chamber process for sulphuric acid (nitric oxide). 

5. The catalytic hydrogenation reactions, e.g. oils to fats (finely- 
divided nickel). 

6. The water-gas reaction (nickel). 

7. The decomposition of hypochlorites (cobaltous ions). 


When the catalyst and reactants are in the same physical state (really, 
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the same phase), the catalysis is said to be homogeneous. When they are 


in 


different physical states (phases), the catalysis is said to be Hetero- 


geneous. 


Both homogeneous and heterogeneous catalysis are thought to 


proceed via the formation of an intermediate chemical ‘compound’, 
although this cannot generally be assigned a true formula in hetero- 
geneous catalysis. The mechanism of catalysis is best left to a more 
advanced textbook. 


16.5 QUESTIONS 


1. 


Ба 


> 


n 


^ 


= 


State the law of mass action. Explain what will happen when 
concentrated hydrochloric acid (concentration >50 per cent by 
weight) is added to the following equilibrium system: 


BiCl; + H20 = BiOCl} + 2HCI 


Account for the conditions under which (a) the Haber process, 
(b) the Contact process are carried out. 


. Give an account of the factors influencing chemical reaction. 


What is a catalyst? State three characteristics of a catalyst. Name 
two reactions in which a catalyst is used (a) in the laboratory, 
(5) in industry. 

Write briefly on (a) velocity constants, (b) equilibrium constants, 
(c) catalysts. How does a catalyst affect a reversible reaction? 
Describe simple experiments you would yourself perform in order 
to show that the reactions 

(а) NH4CI = NH; + НСІ 

(b) 3Fe + 4H20 = Ее,О„ + 4H2 

are reversible, stating the test you would carry out to prove your 
statements. 

Describe how you would show that an increase of temperature 
increases the rate of formation of sulphur when sodium thiosulphate 
solution is acidified with hydrochloric acid. 
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17.1 INTRODUCTION 


Synthesis—building up of a substance from simpler substances. 
Analysis—breaking down of a substance in order to discover something 
about its constituents. 


ANALYSIS 


we lu c PON 


QUALITATIVE 
(idea is to discover (idea is to ascertain 
of what a substance the amount of each 
is composed) substance present) 


GRAVIMETRIC VOLUMETRIC 


17.2 GRAVIMETRIC ANALYSIS 


This involves very accurate weighing. For example, the percentage of 
silver in a silver/copper alloy is determined by dissolving the alloy in 
concentrated nitric acid (converting both metals to nitrates) followed 
by precipitation of silver chloride with hydrochloric acid. The pre- 
cipitate is filtered off, washed, dried and weighed. Since silver chloride 
107- 

155 x 100 per сеп! (=75-4 per cent) of silver, it follows 
that the weight of alloy which gives 100 g of silver chloride contains 
75:4 g of silver. 

Sulphate ion concentration can be estimated as barium sulphate. 


contains 


Ва++ + SO; - — BaSO,| 
96 g > 233g 


The gravimetric composition of water is discussed in 7.11. 

The percentage of water of crystallization in a hydrated salt can be 
determined by measurement of its percentage loss in weight on heating 
(the anhydrous salt is formed), for example: 
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heat 
BaCl;.xH;O > BaCl + xH401 


loss in weight 


weight taken 5300 


per cent loss in weight — 


$ 5 s 18x 
Theoretical loss in weight — TEx 208 x 100 


(where 208 is the formula weight of BaCl, and 18 is the molecular 


weight of Н,О). 
In a typical determination, per cent loss in weight = 14-75 


18x 


EE. = 14 
«erm 100 — 14-75 


givingx — 2 


Solubility can be determined by gravimetric analysis of a saturated 
Solution (see 14.2). 


17.3 TITRIMETRIC OR VOLUMETRIC ANALYSIS 


This is less accurate than gravimetric analysis but more rapid. Weights 
of substances in solution are determined by measurement of volumes 
of solution. 

A. standard solution is one of known concentration (usually ex- 
Pressed as grams per litre). Sometimes the concentration is quoted as a 
Percentage, e.g. a 10 per cent solution contains 10 g of solute per 
(100 — 10) — 90 g of solvent. 

A molar solution contains 1 gram-molecule (or 1 gram-formula 
Weight) of solute per litre of solution. 


Equivalent weights of compounds 


1. The equivalent weight of an acid is the number of parts by weight 
of it which produces one part by weight of hydrogen in the form of a 
Proton, for example: 


HCl = H+ HSO. = 2H* а =3Н+ 
Z6 М "2 ~ а 
1 855 2 32 64 3 36 
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E.Wt=365 .. E.Wt= = =49 = E = + = 32:67 
4 Р Formula weight 
Пра чагыг йы а ы жс 

Equivalent weight basicity 


where basicity is the number of protons produced per ‘molecule’ of acid. 
2. The equivalent weight of a base is the number of parts by weight of 
it which reacts with or accepts one part by weight of hydrogen in the 
form of a proton. 

(a) OH- + H+ > HO 


.. E. Wt of OH- = formula weight 
-. E. Wt of Na*OH- = formula weight 
= 40 
(b) CO3- + 2H* > H;CO; 


E. Wt of CO; - = 4 formula weight 
.. E.Wtof(Na?*);CO;- or 
(Na*);CO; 7 .10H;O0 = + formula weight 


_ 106 ср _ 106 + 180 
2 2 
= 53 = 143 


(c) О— + 2H* > BO 


E. Wt of O~- = 4 formula weight 
E. Wt of CuO = 4 formula weight 
= ‡ x 79-5 = 39-75 
(d) Mg + 2H* > Мен + Н, 
E. Wt of Mg = 4 atomic weight 
= 14 х 245 = 12:25 


3. The equivalent weight of an oxidizing agent is the number of parts 
by weight of it requiring 1 electron for reduction, for example: 
(а) MnO; + 8H* + 5e > Mn++ + 4H;O 


Formula Wt 
5 


(b) Cr;O7- + 14Н* + бе > 2Cr*** + 7H20 


Formula Wt 
6 


E. Wt of KMnO, = 


E. Wt of K;Cr;O; = 
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The equivalent weight of a reducing agent is the number of parts by 
weight of it which provides 1 electron for reduction, for example: 
(а) Fe++ + Fe*** + le 


E. Wt of FeSO, = Formula Wt 
(b) (COOH), — 2CO; + 2H* + 2e 


E. Wtot (coop), = =m Wt 


(c) 282057 — 5,402 ~ + 2e Д 
E. Wt of Na2S.03; = Formula Wt 


A normal solution contains 1 gram-equivalent of the substance in 1 litre 
of solution. 
1 litre of 1N-alkali 
1 litr RS j 1 litre of 1N-carbonate (soluble) 
itre of 1N-acid reacts with 1 litre of 1N-bicarbonate 


1 g-equiv. of any base or metal 


N.B. (a) Solution 1 reacted with Solution 2 
Ni X Vi = Na X У, 
(N = normality, V = volume) 
Grams per litre 
Equivalent weight 
Аво (0) Mi x Vi = M; x Va (М = molarity) ' 
provided 1 formula-weight of compound 1 reacts with 1 
formula-weight of compound 2. For, say 
2NaOH + H;SO, > Na2SO4 + 2H;0 


two formula-weights of alkali are equivalent to one formula- 
weight of acid: equating number of formula-weights reacting 


we get: 

Alkali Acid 
Mix Vi , Max V; 

1000 Е 1000 

2 1 1 

andso Mix Vi =2 x М.х Va 
Grams per litre 
Formula weight 


(b) Normality — 


(d) Molarity — 
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Titrations 


The concentration of a solution of a substance can be determined if a 
standard solution of another substance, which will react with it 
quantitatively, is provided and if a suitable indicator (see 6.7) is 
available to show the ‘end point’ of the reaction. 

In acidimetry/alkalimetry, the indicator is usually one of the three 
common ones mentioned in 6.7. The choice of indicator depends upon 
the acid and alkali to be titrated. This can be deduced, but it will be 
left to a more advanced textbook. 


Strong acid versus strong alkali—use methyl orange, litmus or 
phenolphthalein 

Weak acid (that is, organic acids) versus strong alkali—use phenol- 
phthalein (or litmus) 

Weak alkali versus strong acid—use methyl orange (or litmus) 

Weak acid versus weak alkali—no satisfactory end point can be 
obtained using any indicator 


In many redox titrations, e.g. those involving potassium permangan- 
ate, no indicator is needed since the permanganate solution is its own 
indicator because it is so highly coloured. Thus, if potassium per- 
manganate solution is reacted with a solution containing ferrous ions, 
the end point is when the latter solution changes from pale green to 
purple (excess permanganate). 

Titration is carried out using a pipette and burette (бр. 17.1). 


Titrimetry 
(a) Pipette (b) Burette (с) Standard flask 
Bottom of Diss 4 
meniscus View 
Volume mark bottom of 
meniscus 1 Ground glass 
[— Stand » stopper 
_ Volume mark 
(bottom of 
meniscus at 
Tap X Conical птаны) 
v flask 
Fine tip (N.B. Le 


do not blow aut the 
small volume of liquid which 
remains here, after discharge) 


Fic. 17.1 
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In order to make up a standard solution, a known weight of the 
Solid is dissolved in a small volume of the solvent (e.g. deionized water) 
and the solution is then made to a definite volume (e.g. 250 cm?) ina 
standard flask using the same solvent. Suitable substances for making 
Standard solutions must be pure, non-hygroscopic, non-efflorescent, 
non-deliquescent, and reasonably soluble in water. 


Examples 

2, How must 1:2 N hydrochloric acid be diluted in order to make N 
Solution? 1000 cm? of 1:2 N hydrochloric acid are equivalent to 1200 
cm? of N solution, since the 1-2 N solution is m = 1:2 N. Hence, if 
1000 cm? is made up to 1200 cm? with deionized water, it will become 
N. Hence, 200 cm? of water must be added to every 1000 cm? of 1:2 N 
Solution, and so on in proportion. 

2. А 0:1 N solution of hydrochloric acid was titrated with sodium 
hydroxide solution of unknown concentration. 25 cm? of the alkali 
Were exactly neutralized by 20-2 cm? of the acid. Find the normality 
of the alkali and the concentration in gll. 


N, X V, = № X V2 


Alkali Acid 
x X 25 = 0-1 x 202 
01 x 202 
=== = 0:0808 N 
5 25 s 
Equivalent weight of NaOH — 40 
8/1 


Normality = E. Wi 
Concentration = 0:0808 x 40 = 3:232 g/l 


The concentration can be obtained without use of normalities, and 
there is a tendency nowadays to use this method. 


‚носна... T os ir E 
H+ + CI- + Nat + OH- > Na+ + Cl- + Н.О 
1 equiv. 1 equiv. 


202 cm? of 0-1 N HCI contains 202 х 0-1 g-equiv. of НСІ, and this 
Must be equivalent to the same number of g-equiv. of NaOH (see 
equation). Hence, this is the number of g-equiv. of NaOH in 25 cm 
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М - = 20-2 1000 
of solution, giving the number per litre as 1000 x01x EX The 
number of grams per litre is therefore 
20:2 1000 
Tooo * 91 х -z5 X 40 = 3:232 g/l 


N.B. 1. To estimate the number of molecules of water of crystalliza- 
tion in sodium carbonate (hydrated), a definite weight of the crystals is 
dissolved in deionized water in a beaker and then made up to volume 
in a standard flask. 25 cm? portions are titrated with standard hydro- 
chloric acid using methyl orange and, from the results, the normality 
of the carbonate solution is determined. The concentration of an- 
hydrous sodium carbonate can thus be determined (in g/250 cm?). 
Since the weight of hydrated compound is known, it is possible to 
calculate how much water of crystallization this weight of hydrated 
salt must have contained. This value is expressed as a percentage, and 
the number of molecules of water of crystallization determined from 
the formula: 


18x 


er cent water of tallization = ———_ 
p n of crystallization 106 F 18x * 


100 


2. To estimate the amount of ammonia in a given specimen of an 
ammonium salt, ammonia is expelled from the salt by boiling it with 
sodium hydroxide solution (known excess) and that remaining is then 
estimated by titration with a standard acid. Hence, the volume of 
alkali which has reacted with the given quantity of ammonium salt 
can be deduced. 

3. To determine the equivalent weight of a metal, proceed as in 15.2. 


Experimental technique 


You will learn this only by constant practice. Read the burette to 
0-1 cm? accuracy (0-05 cm? if possible). Take oneapproximatereading and 
AT LEAST two accurate ones. Take the average of the accurate readings. 
Add solution DROP BY DROP near the endpoint. 


174 QUESTIONS 


1. What weight of anhydrous sodium carbonate is required to make 
250 cm? of N/2 solution? [6:625 g] 

2. What volumes of N H2SO, are needed to neutralize (а) 20 cm? 
of 1:25 N NazCOs, (b) 10 cm? of N KOH? 
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3. 25 cm? of a solution of sodium carbonate containing 5:3 g/l 
(anhydrous salt) were neutralized by 20 cm? of sulphuric acid. 
Find the concentration of the acid in g/l. [6:125] 

4. 25 cm? of 0-1 N potassium hydroxide solution was added to 50 

cm? of 0:12 N hydrochloric acid and the mixture made to 250 cm? 

with deionized water. What volume of 0-05 N potassium hydroxide 
solution would just neutralize 25 cm? samples of the solution? 
[7 cm?] 

1 litre of dry hydrogen chloride at 15°С and 740 mm was dissolved 

In water. What volume of potassium hydroxide solution containing 

56 2/1 would be required to neutralize the acid? [41-21 cm?] 

11:2 litres of dry ammonia at N.T.P. were dissolved in water. 

What volume of 2 N hydrochloric acid would be required to 

neutralize the alkali? [250 ст?] 

What volume of dry ammonia at 17°С and 770 mm would be 

required to give 1 litre of 0-1 N ammonia solution? If this volume 

of solution is reacted with sulphuric acid, what weight of am- 

monium sulphate is formed? [2348 стз, 6:92 g] 

25 cm? of a solution of sodium carbonate containing 14:3 g of the 

hydrated salt per litre was found to be equivalent to 24-9 cm? of 

0-1 N sulphuric acid. Find the number of molecules of water of 

crystallization of the hydrate. [10] 

9. 210 в of ammonium sulphate (pure) were treated with 100 cm? of 
Sodium hydroxide solution (40 g/l) and the mixture heated to expel 
ammonia. It was cooled and diluted to 250 ст? with deionized 
water. What volume of 0:2 N sulphuric acid would be required to 
neutralize 25 cm? of this solution? [34-1 cm?] 

10. If 30:0 cm? of decinormal hydrochloric acid were exactly neutra- 

lized by 25-0 cm? of a solution which contained 12:0 8/1 of a base, 

calculate the equivalent weight of the base. ‚ [100] 

Find the volume of molar sodium hydroxide solution required to 

Precipitate the copper (as oxide) from a solution prepared by 

dissolving 3 g of cupric sulphate pentahydrate in water. [24 cm 1 

12. 25 стз of a solution of NaOH, containing 2 g/l, were neutralized 

by 10 cm? of a solution of H2SO,. Find (а) the weight of H2SOs 
Per litre of solution, (b) the volume of water which must be added 

to a litre of the H,SO, solution in order to make its concentration 

4-9 g/l. [6-125 g, 250 сш] 

13. A sample of marble (0-72 g) was reacted with 25 cm? of N HCl and 
the resulting solution made to 100 cm? with deionized water. 

еп 25 cm? of this solution were titrated with sodium hydroxide 
Solution, 31-5 cm? of 0-1 N NaOH were required for neutralization. 
Find the percentage of CaCO; in the marble. 

2: 
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14. 


15. 


16. 


17. 
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Describe how you would determine the equivalent weight of zinc 
by volumetric analysis. 

Define the terms (a) standard solution, (b) molar solution. How 
would you prepare a solution of sodium hydroxide which is 
approximately 0-1 N and find its exact concentration? (NaOH is 
hygroscopic.) 

If you are provided with a pure specimen of a solid acid and N 
NaOH solution, describe carefully how you would determine the 
equivalent weight of the acid. 

A. mixture (1:44 g) of sodium carbonate decahydrate and sodium 
bicarbonate needed 9-25 cm? of 1-2 N hydrochloric acid for 
neutralization. What is the percentage of each substance present 
in the mixture? [59:275 Na2CO3.10H20, 40:8% NaHCOs] 


18 Qualitative Analysis 


18.1 GAS TESTING 


Procedure 


dis Action of heat on dry solid in ignition tube. 
2 Action of dil. hydrochloric acid on substance. 
E Action of dil. sodium hydroxide solution (for ammonia only). 
- Action of a small quantity of conc. sulphuric acid on substance. 


Table 18.1 


Property tested 
1. Colour 


2. Smell 


3. Moist blue and 
red litmus 


4. Combustion 


+ Glowing splint 
Inserted in gas 


Observations 


Green/yellow 

Colourless, but gives white fumes 
in air 

Brown 


They all have smells and you will 
have to learn to recognize them by 
generating the gases from known 
compounds 


Red litmus goes blue 
Blue litmus turned red, then bleached 
Blue litmus goes red 
Blue litmus goes red 
Blue litmus goes red 


Burns with a blue flame to give СО; 
Explodes with a shrill *pop' 

Burns with a blue flame and 
deposits sulphur 


Rekindles splint 
Rekindles splint 
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Table 18.2 
Gas Method of identification 

1. NH3 Smell, colourless, moist red litmus — blue, fumes 
of NH4CI with conc. HCl, brown ppt. with Nessler's 
reagent 

2. СО; No smell, colourless, limewater — milky 

3. CO No smell, colourless, burns with blue flame to give 
carbon dioxide (limewater test) 

4. Cl; Choking smell, pale green, moist blue litmus —> 
red — bleached, KI paper — brown 

5. H2 No smell, colourless, explodes with ‘pop’ (if mixed 
with air) when flame applied 

6. НСІ Irritating smell, colourless (but fumes), moist blue 


litmus — red, white fumes with ammonia (vapour 
from 0-88 ammonia bottle) 

7. H2S Smells of rotten eggs, colourless, burns with blue 
flame and deposits sulphur, lead acetate paper > 
black, potassium permanganate paper —> colourless, 
potassium dichromate paper — green 


8. NO; Brown gas, choking smell, moist blue litmus — red 

9. SO; Irritating smell, colourless, potassium permanganate 
paper — colourless, potassium dichromate paper > 
green 


Water vapour Colourless, odourless, condenses to liquid water on 
cooler parts of tube, white anhydrous CuSO, — blue 


18.2 TESTS FOR ANIONS (ACIDIC RADICALS, 
NON-METALLIC RADICALS) 


The presence of simple acid radicals in a substance may be detected 
by the following tests. 

(а) Carbonate (see 10,12). Treat the solid substance or a solution of 
it in water with dilute nitric acid. Evolution of carbon dioxide (test by 
limewater) indicates a carbonate. 

(b) Chloride (see 13.4). Treat a solution of the substance in distilled 
water (why not tap water?) with dilute nitric acid and a solution of 
silver nitrate. A white precipitate—darkening on exposure to light, and 
soluble in excess ammonia solution—indicates a chloride. р 

(с) Sulphate (see 8.8). Treat a solution of the substance in distilled 
water with dilute hydrochloric acid and a solution of barium chloride. 
A white precipitate indicates a sulphate. 
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(d) Sulphite (see 8.6). 

(i) Treat the solid substance or a solution of it in water with 
dilute nitric acid. Warm. Evolution of sulphur dioxide 
indicates a sulphite. 

(ii) Treat a solution of the substance in distilled water with a 
solution of barium chloride. A white precipitate—soluble 
in dilute hydrochloric acid—indicates a sulphite. 

(e) Nitrate. The test for a nitrate is known as the brown ring test 
(see 9.9). It may be carried out in two ways. 

(i) To a solution of the suspected nitrate in distilled water add 
an equal volume of a solution of ferrous sulphate. Hold the 
tube at an angle of 45° to the horizontal and add concen- 
trated sulphuric acid slowly so that it sinks to the bottom 
and forms a lower layer. The formation of a brown ring at 
the junction of the two layers indicates a nitrate. 

(ii) To 1 cm? of concentrated sulphuric acid in a test tube add 
2-4 drops of the suspected nitrate solution. Shake thoroughly 
and cool under the tap. Now pour this mixture slowly down 
the side of another tube containing 2 сга? of ferrous sulphate 
solution and held at an angle of 45° to the horizontal. The 
formation of a brown ring at the junction of the two liquid 
layers confirms the presence of a nitrate. 


(7) Nitrite (see 9.10). 
(g) Phosphate (see 11.4). 
(h) Bromide (see 13.5). 
(i) Iodide (see 13.9). 


М.В. 
Solubility in dilute 
Precipitate Colour ammonia solution 
Silver iodide Yellow Insoluble 
Silver bromide Cream Partially soluble 
Silver chloride White Soluble 


18.3 TESTS FOR CATIONS (METALLIC RADICALS) 


These tests apply only when there is one metallic radical in the solid 
or in solution. 
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(a) Flame tests 


A clean, hot platinum or nickel wire is dipped into the substance 
moistened with a little concentrated hydrochloric acid, and the wire is 
then held in the extreme edge of the bunsen flame (air holes open). 


Table 18.3 
Radical Flame colour Viewed through cobalt glass 
Barium Apple green Green 
Calcium Brick red Light green 
Copper Blue/green Blue/green 
Potassium Lilac Crimson 
Sodium Intense yellow Yellow colour cut out 
Strontium Crimson Crimson 


(b) With sodium hydroxide solution 


1. Warm the solid with sodium hydroxide solution. Evolution of 
ammonia confirms the ammonium ion NH}. 

2. Treat a clear solution of the substance in deionized water, or in 
dilute hydrochloric acid if it does not dissolve in water, with sodium 
hydroxide solution (a little at a time until the solution is alkaline). If a 
precipitate forms, add excess alkali and see if the precipitate redissolves. 


Table 18.4 
Metallic radical Hydroxide precipitated 
]. Calcium White Ca(OH)» ог Mg(OH);, insoluble in 
2. Magnesium excess NaOH 
3. Aluminium) White АКОН)з, Zn(OH);, Pb(OH);, 
4. Zinc soluble in excess NaOH to give NaAIO;, 
5. Lead f Na;ZnO; ог Na;PbO; 
6. Ferrous iron | Green utl 
7. Ferric iron Brown Fe(OH); } insoluble in excess NaOH 
8. Cupric copper J Blue COH), J 


In order to distinguish between Al*** and Zn** ions in solution, add 
ammonia solution drop by drop and then an excess. 


А1+++ — white ppt of AI(OH);, insoluble in excess reagent 
Zn** — white ppt of Zn(OH);, soluble in excess to give 
Zn(NH;); + ions 
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If ammonia solution is added to a solution containing Cu** ions: 


Cu** — blue ppt of Cu(OH)>, soluble in excess to give deep blue 
solution containing Cu(NH3)7 + ions 


An extra test for РЬ++ ions is that, with a solution containing iodide 
ions, a yellow precipitate of lead iodide is formed. Also, with a solution 
containing sulphate ions, a white precipitate of lead sulphate is formed. 
Also, with a solution containing chloride ions, a white precipitate of 
lead chloride is formed (much more soluble in hot water than in cold). 

Lead chromate PbCrO, (yellow) is precipitated when solutions con- 
taining РЬ++ and СтОл“— ions are mixed. 


(c) Distinction between ferrous and ferric ions 


Table 18.5 
Test Fett Fett 
1. Colour of aq. Pale green Yellow 
soln 
2. NaOH soln Green Fe(OH)2} Brown Fe(OH)s} | 
3. Ammonium No colouration, but as it Blood red colouration 
thiocyanate is so sensitive, there is 
soln generally a faint pink 
colour if any Ее+++ ions 
are present at all р 
4. Potassium Blue ppt Green colouration 
ferricyanide 
(K3Fe(CN).) 
soln 
5. Potassium Pale blue ppt Blue ppt 
ferrocyanide 
(KsFe(CN)«) 
soln 


(d) Charcoal block test 


Place a little of the solid (mixed with anhydrous sodium carbonate) in 
a depression in the surface of the block and direct a small luminous 
bunsen flame on to the mixture with a blowpipe. " 
If the residue is white, it generally indicates that a white oxide is 
formed which cannot be reduced by carbon at the temperature used, 
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e.g. МВО, ALO;. If the white mass is moistened with cobaltous nitrate 
solution and the blowpipe redirected on to it, a coloured substance may 
be formed; blue indicates aluminium, bright green indicates zinc, pale 
pink indicates magnesium. 


Table 18.6 
Metal Product 
1. Zn Crust of ZnO, yellow when hot, white when cold 
2. Pb Crust of PbO, red when hot, yellow when cold; 
globules of Pb may also be formed 
3. Cu Dark red scales of Cu 
4. Sn Hard white beads of tin formed 


18.4 QUESTIONS 


4. Give one use of each of the following reagents in the laboratory: 
silver nitrate, ferrous sulphate, potassium iodide, ammonia solu- 
tion, potassium ferrocyanide, lead acetate. 

2. Describe what you would observe when the following are heated, 
naming the products, and stating how gases evolved may be identi- 
fied: potassium nitrate, ferrous sulphate crystals, mercuric oxide, 
cupric nitrate. 

3. Describe the tests for the following ions in solution: Fe**, A, 
Zn**, Си++, 50; 7, СТ, I, NOs, HCO;. 
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19 Concerning Metals 


For the occurrence, extraction and chemical properties of metals, see 
chapter 5. 


19.1 USES OF METALS 


The uses of metals are governed, to a large extent, by their physical 
properties. 

Sodium—extraction of titanium, making lead tetra-ethyl which is 
used as ‘antiknock’ in petrol, in heat-exchange systems of atomic re- 
actors, and (as an amalgam) as a reducing agent in organic chemistry. 

Calcium—as a deoxidizer in making alloys, removing the last traces 
of water from organic liquids, reducing agent for many oxides, minor 
constituent of some alloys, desulphurizer of petroleum fractions. 

Magnesium—flash powders, reducing agent (e.g. reduction of UF4 

to uranium), making important organic compounds called Grignard 
reagents, and making light alloys (e.g. magnalium Mg 30%, Al 70%) 
used in aircraft construction. 
. Aluminium—making alloys (e.g. duralumin, Al with 4% Cu) for use 
in aircraft construction and watercraft construction, as а structural 
metal (e.g. roofs), making electrical apparatus (grid networks, con- 
denser plates, sheathing electrical cables), making food containers and 
cooking utensils; the alloys have great tensile strength. 

Zinc—galvanizing iron, making alloys (e.g. brass Cu/Zn), as a 
building material and for die-casting. 

Jron—making steel. Е 

Tin—making tinplate (e.g. cleaning mild steel with dilute sulphuric 
acid and dipping it into molten tin), making alloys (e.g. bronze Cu/Sn, 
solder Pb/Sn, type metal Pb/Sn/Sb) and for making tinfoil. — 

Lead—making alloys (e.g. solder, pewter, type metal), making Jead 
shot (lead alloyed with a little arsenic), roofing and making lead pipes. 

Copper—making water and steam pipes, roofing metal, making 
cooking utensils, telegraph and telephone wires, electric cables and 
electrotype. It is often used as an alloy, e.g. bronze (92% Cu, 8% Sn), 
phosphor bronze (90% Cu, 10% Sn, trace P), monel metal (68% Ni, 
30% Cu, 1% Fe, 1% Mn), constantan (60% Cu, 40% Ni) brass (70% 
Cu, 30% Zn). 

Mercury—making barometers, thermometers, electrical contacts, 
mercury-vapour lamps, high vacuum pumps, making amalgams (rub- 
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bing a metal with Hg, liberating a metal at a Hg cathode, or adding the 
metal to a solution of HgCl;), and in the Castner-Kellner cell (see 3.4). 

Silver—silver plating, alloys (e.g. standard silver, Ag 92°5%, Cu 
7:597), making silver mirrors, making special components of electrical 
circuits (e.g. condensers in deaf-aids) and (as Ag*) as a standard in 
volumetric analysis. 


19.2 SODIUM HYDROXIDE NaOH 


This is manufactured by the Castner-Kellner cell (3.4) or by Gossage's 
process, in which milk of lime (calcium hydroxide made into a thin 
paste with water) is added to a boiling 10 per cent solution of washing 
soda. 


2Na* + CO;- + Catt + 20H- > СаСОз} + 2Na* + 20H- 


Gossage’s process can work because the solubility product (see 8.5) 
of calcium carbonate is much smaller than that of calcium hydroxide 
at a given temperature. 

The solution remaining after filtration is evaporated to dryness. 

It is known as caustic soda since it corrodes the skin—it feels soapy. 

It dissolves in water with the evolution of much heat, forming 
sodium hydroxide solution, a strong alkali. If exposed to the air, it 
deliquesces, and then absorbs carbon dioxide forming (eventually) 
sodium carbonate. К 

Its aqueous solution can precipitate many metallic hydroxi 
some redissolve in excess of the reagent (7.10). 


des and 


19.3 SODIUM CARBONATE Na;COs 


This is made industrially by the Solvay (Ammonia-Soda) process. 
The overall reaction is: 


2NaCl + CaCO; > CaCl, + Na;COs 


Since this cannot be carried out in one stage, the following stages 
are employed: 


(1) Ammoniation of brine 


ae ee SSS 
Nat + CE + H0 + NH; > Nat + СЁ (conc) + NH4OH 
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(2) Carbonation (Solvay tower) 


5 ——— oo 
Nat + Cl + NH,OH + CO; > [Na+ + CI- + NH; + НСО] 
TEEN 
NaHCO} + NH; + Cl- 


ammonium chloride 
to stage (5) 


Solyay process 


Ammoniacal 
brine 


| 


Suspension of 
МаНСО; to 
filtration 


FiG. 19.1 
(3) Conversion “of sodium bicarbonate to sodium carbonate 


heat 
2NaHCO; —> Na;CO; + H20 + Со 


(4) Lime burning 
CaCO, = CaO + CO; 


(carbon dioxide to stage (2), calcium oxide to stage (5)). 
(5) Regeneration of ammonia 
CaO + HO > Ca(OH)»; 
ees heat У 
ЭМН; --2Cl- + Са(ОН), —> Ca** + 227 + 26,0 + 2NHst 
N.B. Calcium chloride is a valuable co-product. 
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Raw materials: limestone CaCOs, brine NaCl 


Sodium bicarbonate has only a slight solubility in water but even this 
is depressed by the presence of sodium chloride, which provides sodium 
ions Nat (by the law of mass action, this forces sodium bicarbonate to 
be less soluble). 
Na*HCO; = Nat + HCO; 
< addition of Ма“ ions 


Potassium bicarbonate is much more soluble than sodium bicarbon- 
ate and is not precipitated by a Solvay method in which potassium 
chloride is used instead of sodium chloride. 

[Potassium carbonate is made by hydrolysis of the double salt 
KHCO;.MgCO;.4H,0, formed from potassium chloride, magnesium 
carbonate and carbon dioxide (under pressure). 


HO 
2KHCO;.MgCO3.4H,0 ————> 2MgCOs} + K2COs + 9H20 
140°C pressure + CO; 


A simpler approach to the Solvay process is as follows. 
The basic equation is: 


Na+ + HCO; -> NaHCOs} 
i.e. the compound of lowest solubility product is precipitated. 
HCO; = Н+ + HCO; ... |: 
HCO; = Н+ + C05 ... 
Ammonia forms ammonium ions 
NH;--H*-— NH; 


i f 
upsetting both the equilibria (1) and (2). Hence the c) o 
HCO; ions increases and sodium bicarbonate is precipitated. 


N.B. Treat precipitation reactions through the concept of solubility 
Product (see 8.5). nc i 

Sodium carbonate is soluble in water and the solution 18 alkaline 
to litmus owing to hydrolysis. 


N‏ کے 
ма„СОз + 26,0 = 2Na* + 20H- + НСО‏ 
strong alkali weak acid "‏ 
t is‏ 
Sodium carbonate decahydrate is formed when the anhydrous 5‏ 
dissolved in water and tho solution crystallized, 1 is foreseen (‏ 


6.8) 
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Sodium carbonate reacts with dilute mineral acids to give carbon 
dioxide. 
CO;- + 2H* > HO + СО 
Sodium bicarbonate is used in baking powders, when mixed with 
tartaric acid or sodium dihydrogen phosphate; the carbon dioxide 
evolved makes bread rise. In baking powders: 


heat 
1st action: 2NaHCO; ae Na;CO; + CO; + HO 
>100°С 
2nd action: with acid phosphate (or tartaric acid) 
NaCO; + 2H* + CO; + HO + 2Na* 


There is usually also a diluent—often rice flour. Sodium bicarbonate 
by itself is used as baking soda, utilizing the carbon dioxide evolved on 
heating only. When treated with a dilute acid, it behaves as follows: 


HCO; + H+ > HO + сол 
(or NaHCO, + НСІ + NaCl + HO + CO,1) 


When heated, it decomposes as follows: 


2HCO; — CO;- + H20 + СО, 
(or 2NaHCO; + Na;CO; + H20 + СО,р 


Many cases of indigestion are due to excess acidity in the stomach 
and are relieved by taking ‘bicarbonate of soda'—sodium bicarbonate. 


19.4 SODIUM NITRATE NaNO; 


This occurs as Chile saltpetre, the main component of Caliche. The 
nitrate is extracted by dissolving it out in water and allowing the 
resulting solution to evaporate in the sun. A co-product is sodium 
iodate, used to make iodine (see 13.7). Sodium nitrate is used as а 
fertilizer, and to make potassium nitrate by fractional crystallization. 


——— ———— ——— کے‎ 
k++ Cl” Nat + NO; > K*+NO; + Мач С 


crystallizes оп crystallized from hot 
cooling to room solution since it is 
temperature least soluble of the 
(after filtering 4 salts and it can 
off NaCl) therefore be filtered 


off 
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19.5 SODIUM THIOSULPHATE Na;$;0; 


This is made by boiling sodium sulphite solution with sulphur under 
slight pressure. 


SO;- + S + S2057 
With dilute acids it gives sulphur dioxide and sulphur. 
S2057 + 2H* > 50, + S + H20 
With iodine, it is oxidized to sodium tetrathionate. 
28,0; - +1, —2I- + S4057 


It is used as the ‘fixer’ HYPO in photography. It ‘fixes’ the image on 
the negative by reacting with unchanged silver bromide to form a 
complex (Na+);[Ag(S203)2]-~~, which can be washed away with water. 

On heating the hydrated crystals, Na2S,03.5H20, and cooling, 
а supersaturated solution is formed (see 14.1). 

On strong heating, it gives sodium sulphate and pentasulphide. 


4Na58;,0; — 3Na;SO, + Na2Ss 
ог 4S,0;~ — 380; ^ + S57 


19.6 SODIUM CHLORIDE NaCl 


This is essential to the diet and is used as ‘salt’ on the table. It is a 
valuable raw material for making sodium hydroxide and chlorine 
(3.4), sodium (3.4), sodium carbonate (19.3), sodium sulphate (the 
reaction, called the Leblanc process, is that once used to manufacture 
hydrochloric acid (13.4)), and many other sodium compounds. — 

It occurs in sea water, but it is not always economical to obtain it 
from this source; it is done, however, on the shores of the Medi- 
terranean and Dead Sea. More often, salt is mined as rock salt, or 
water is forced into some underground deposit to convert the solid 
to brine, which can be pumped up to the surface (e.g. in Cheshire). 


19.7 POTASSIUM NITRATE (NITRE) KNO; 


This occurs in the soil of several very hot countries, e.g. India. It is 
manufactured from sodium nitrate (see 19.4). It is used in making 
gunpowder (sodium nitrate cannot be used as it is deliquescent, whereas 
potassium nitrate is not), fireworks, and as a fertilizer. 
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19.8 POTASSIUM CHLORATE KClO; 


This is formed when excess chlorine reacts with hot concentrated 
potassium hydroxide solution (13.3). It can be made from sodium 
chlorate, which is manufactured from brine (3.4), by reacting it with 
potassium chloride; on crystallization, potassium chlorate is formed 
from the mixture. 


Е. тта" а 
Nat + ClO; + К+ + СР + Nat + СГ + К+ + ClO; 
It is a powerful oxidizing agent. On heating, it gives oxygen and 


potassium chloride. 
2KCIO; > 2KCI + 30,1 


It is used in the manufacture of explosives, matches and fireworks. 


19.9 CALCIUM OXIDE CaO 


This is commonly called ‘quicklime’ and is made by heating the 
carbonate very strongly in a limekiln. Since the decomposition is 
reversible, carbon dioxide has to be removed by passing air through the 
kiln (Law of Mass Action). Calcium oxide reacts vigorously with water, 
with the liberation of much heat, forming ‘slaked lime’. 

CaO + H20 > Ca(OH), АН = —15 kilocalories (evolved) 

slaked lime 

This reaction enables quicklime to be used as a drying agent, е.8. 
for ammonia. 

When heated with coke in an electric furnace at 2000°C, calcium 
carbide is formed, and this liberates acetylene when reacted with water 


(see 10.7). 
Сао + ЗС ~ СаС; + СО} 
Ca++ + (C=C)-- + 2H20 — Ca** + 20H- + H—C=C—Ht 


acetylene 


19.10 CALCIUM HYDROXIDE Ca(OH), 


This is made by slaking quicklime. It is slightly soluble in water to 
give ‘lime water’, which is alkaline. It is a basic hydroxide, reacting 
with acids to give Ca** salts but having no reaction with alkalis. 


Са(ОН), + 2H* > Са++ + 2H;0 


It is used in the laboratory preparation of ammonia, for treating 
‘acid’ soil, for making calcium bisulphite (formed when it reacts with 
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sulphur dioxide in excess) which is used in the manufacture of paper 
(see 8.4), as whitewash, in many distemper paints, for softening water, 
and in the manufacture of bleaching powder (13.4). 

Calcium hydroxide is used to make mortar, which is a mixture of 
slaked lime with sand. Water is added and, as it evaporates, a hard 
mass is obtained. In time, the slaked lime is converted to calcium car- 
bonate by carbon dioxide in the air, this helping the mortar to set hard. 
Sand merely binds together the particles of calcium carbonate. 


19.11 CALCIUM CARBONATE CaCO; 


This exists in two forms (i.e. it exhibits polymorphism), calcite (stable 
at lower temperatures) and aragonite (stable at higher temperatures). 
There is a transition temperature (8.2) at about 400°C. The most 
important natural sources of calcium carbonate are limestone, marble, 
iceland spar and chalk (not blackboard chalk, which is usually calcium 
Sulphate). Egg shells, coral rocks, oyster shells also contain it. Calcite is 
the most common form, but aragonite occurs in shells and coral. 
Natural deposits of calcium carbonate give rise to temporary hard- 
Ness of water, owing to the formation of calcium bicarbonate when 
Tain water flows over the rocks. ў 
Limestone and marble аге used for building, and limestone 15 also 
used for making quicklime, slaked lime, glass (12.5), sodium carbonate 
(19.3), steel (19.20) and cement (12.7). Finely-divided calcium car- 
Опа{е is used for treating acid soils. Chalk is used for making putty, 
Pigments, glass, paper and toothpastes. 


19,12 CALCIUM SULPHATE СаЅ0; 


s occurs as Gypsum (the dihydrate) and Anhydrite (the anhy шо 
= t). Gypsum is one of the salts which cause permanent hardness ‹ 
ater. When Gypsum is heated between 110-130°C, Plaster of КИП 
SO,.1H,O or 2СаЅ0, Н.О, is formed. If water is added, this 
np stallizes as Gypsum with expansion, thereby filling the crevices in a 
ope It is used for making casts, in surgery for setting ко voma 
of In constructional plasters. Anhydrite is used in the тапшас! 
Sulphur dioxide (8.6). 


19.13 CALCIUM CYANAMIDE CaNCN 


This ig made by heating calcium carbide in nitrogen. 


Сас, + №, > CaNCN + С vi 
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It is a valuable fertilizer (‘nitrolime’ is the calcium cyanamide/carbon 
mixture). The calcium cyanamide is slowly hydrolysed to ammonia by 


soil water. 
CaNCN + 36,0 > 2NH; + CaCO; 


(ог МСМ— + 3H;0 + 2NH; + CO;~) 
The ammonia is absorbed into the soil and the calcium carbonate is, 
of course, beneficial also. 


19.14 ALUMINIUM OXIDE (ALUMINA) AI,03 


This occurs naturally as Bauxite and, in slightly impure forms, in 
the gemstones rubies and sapphires. The ordinary oxide is a white 
powder. 

The metal can be obtained from alumina only by electrolysis, since 
the aluminium/oxygen bond is so strong. Aluminium is used in thermite 
reduction owing to this stability of the aluminium/oxygen bond, for 
example: 

Cr203 + 2Al > Al,O3 + 2Cr (manufacture of chromium) 
Ее;Оз + 2А1-> Al,03 + 2Fe 


Thermite process 


Magnesium ribbon 


Barium peroxide/ Unglazed pot crucible 


aluminium powder 
Aluminium powder/ 


powdered ferric oxide 


7— Sand 


Fic. 19.2 


The process can be demonstrated in the laboratory using the 


apparatus of fig. 19.2. . | 
On cooling the reaction mixture, the iron remains as a grey mass- 


The temperature reached may be well over 3000°C. | 
Alumina is insoluble in water, but reacts with both acids and alkalis 


to give salts, i.e. it is amphoteric. 


19.15 ALUMINIUM CHLORIDE AlCl, 


This can be made by dissolving aluminium or its hydroxide in hydro- 
chloric acid (this gives the hydrate) or by heating aluminium turnings 
in a stream of dry chlorine or hydrogen chloride (fig. 13.2). 
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The formula in the vapour state below 400°C is А1,СІ, (association 
of the simple molecules) but this dissociates above 400°C. 


AlCl = 2AICl3 
The dimer has a structure containing co-ordinate covalent bonds. 
cl CI а 


a ^a^ ^a 


Anhydrous aluminium chloride is a covalent compound. The liquid is 
only a feeble electrical conductor. The solid is soluble in water but 
readily hydrolysed by it. 


AICI; + 3H20 = Al(OH); + 3HCI 


It also fumes in moist air. The solid is soluble in organic solvents, e.8. 
chloroform, carbon tetrachloride, which is typical of the property of a 
covalent compound. 

10. сон aluminium: chloride is a Friedel-Crafts catalyst (see 

In aqueous solution, the hydrated ion AKH2O)s*** is present. 
N.B. Aluminium fluoride AIF, is an ionic compound, containing Al*** 
and F- ions, although the vapour may contain Al;Fe molecules. The 
reason for the difference in properties between this and the chloride is 
due to the small size of the fluoride ion F- compared with the chloride 
ion CI- (see a more advanced textbook). 


19.16 ALUMINIUM SULPHATE AL(S04s 


This can be obtained by reacting alumina with sul 
manufactured by reacting Bauxite with sulphuric aci 
with 18 molecules of water attached. It is used in the 
foam fire-extinguishers, waterproofing cloth, precip 
(see 14.4), and for preparing many Alums, e.g. Potash alum 


phuric acid. It is 
d. It crystallizes 
manufacture of 
itating colloids 


КАН (50; -),.12Н,0 or (K9,80;-.(AI**).S0; 7)» 24H50 
This is obtained when solutions containing equi-formula weight 
mixed 


quantities of potassium sulphate and aluminium sulphate are 
and crystallized. 
Another method of preparation of Potash alum is to (1) react 
excess aluminium with warm potassium hydroxide solution forming 
C.c.c.—10 213 
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the aluminate, (2) add the requisite quantity of sulphuric acid, this 
first precipitating aluminium hydroxide and then dissolving it. 
سے چ کے‎ 
2A1 + 2K* + 20H- + 2H20 + 2K+ + 2А105 + 3H2t 
Se 
2K* + 2А105 + 8H* + 4S0; - > 4H20 + 
CUT CR سر‎ 
2K* + 50; 7 + 2AI*** + 380;- 
Y у 
K2S04 Al.(SO4)3 


| crystallization 


KAI(SO4)2.12H20 


[In KAIO;, there is the correct К/А! proportion for alum formation.] 


19.17 ALUMINIUM CARBIDE АС; 


This reacts with water to give methane (see 10.4). 


АС + 12H20 + 4AI(OH); -+ 3CH4t 


19.18 ZINC CHLORIDE ZnCl, 


This is made by reacting zinc, zinc oxide, hydroxide or carbonate 
with hydrochloric acid. The anhydrous compound is made by heating 
zinc in dry chlorine or hydrogen chloride. 

If the solution is boiled, or if a hydrate is heated, hydrolysis to a 
basic salt occurs. 


ZnCl, + H20 = Zn(OH)CI + HCl 


This shows a measure of covalency in the bonds of zinc chloride, com- 
pared say with sodium chloride. Anhydrous zinc chloride is also a 
feeble conductor in the molten state, is soluble in many organic sol- 
yents, and is fairly volatile. 


19.19 ZINC SULPHIDE ZnS 


This occurs as Zinc Blende, which is used in the manufacture of the 

metal (table 5.2). Its crystal structure resembles that of diamond 

(fig. 10.1) with zinc and sulphur atoms replacing carbon atoms. | 
It is precipitated when hydrogen sulphide is passed into an alkaline 
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solution of a zinc salt (8.5). It reacts with dilute mineral acids giving 
hydrogen sulphide. 


ZnS + 2H* > 2п++ + H2St 


19.20 WROUGHT IRON AND STEEL 


Wrought iron is made by heating pig iron with Haematite, the latter 
oxidizing some of the carbon to carbon dioxide. It is used to make 
fire guards, chains, etc. 

Steel is obtained from pig iron by removal of some of the carbon and 
other impurities. It is more commonly used than wrought iron since its 
Properties can be varied by varying the carbon content and in other 
ways, and it is more easily made. 


(a) Bessemer process 


Air (or air enriched with oxygen, since nitrogen in air makes steel 
brittle) is passed through a charge of molten pig iron. If oxygen alone 
is used, it is diluted with steam or carbon dioxide. The cold air (or 
Oxygen) reacts with carbon and other impurities, generating heat (the 
temperature may be 1300-1600°C), and gaseous products burn at the 
mouth of the converter (the ‘blow’). The oxides of silicon and man- 
вапезе form a slag. Acidic oxides such as SO2, Р.О; react with the 


basic lining and the lining, when eventually removed, forms a useful 
fertilizer, 


Making steel 


Bessemer Open-hearth (Siemens-Martin) 


Gases (e.g. CO) 
Se 


Air 
Ah cep Hot Bricks heated 
Мк ATOE шшш ||| вас hearth | | Poy exhaust 
Oxygen (suitabl UU Basic lining nm SHEE gases 
y " 
diluted) (burnt dolomite, H4 
MgO. сао) 
Air Fuel gas Exhaust gases 
{enriched (producer gas. to chimney 
with oxygen) or atomized oil) 
Fic. 19.3 


(b) Open hearth (Siemens-Martin) process 


ке charge is a mixture of pig iron, scrap steel and haematite which is 
cated by passing a mixture of air (or oxygen-enriched air) and pro- 
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ducer gas (or atomized oil) over it. Carbon and other impurities in the 
pig iron react with oxygen in the Haematite to form iron, which stays 
in the bath, and gaseous products escape. 

‘A heat-interchanger system is used. After the second set of firebricks 
has been heated, the direction of flow of gases through the furnace is 
reversed so that the first set of bricks is heated, and so on. 

It is slower than the Bessemer process, but larger charges can be 


handled. 


(c) Electrical processes 


These are expensive, but are capable of closer control than the other 
methods as there are no oxidizing gases present. 

In the arc method, a temperature of about 3500°C is generated in a 
charge similar to that of the Open hearth by striking an arc across 


graphite electrodes. 

In the induction furnace, the heat in the charge is generated by an 
alternating current flowing through a copper coil—an alternating cur- 
rent is induced in the iron of the charge which raises the temperature 
until the whole is molten. 


Types of steel 


(a) Mild steel (0:1-0-5 per cent carbon). 
(b) Hard steel (05-1:5 per cent carbon). 
(c) Alloy steel (about 1 per cent carbon plus varying amounts of 


other alloying elements). 


[Note that pig (cast) iron from the Blast Furnace contains about 
45-5-0 per cent of carbon, in addition’ to other impurities such as 
silicon, sulphur, phosphorus and manganese.] 

Mild steels are used to make nuts, bolts, car bodies, girders, steel 
pipes, ‘tin’ plate, etc. ч 

Нага steels are used mainly to make tools. 

‘Alloy steels have various uses, e.g. stainless steels contain chromium, 
permanent-magnet steels contain cobalt, steel for high-speed drills 
contains tungsten, acid-resistant steels contain molybdenum, spring 

in silicon, etc. 
a Tard or alloy (but not mild) steel is heated to red-heat and 
cooled rapidly in cold water, it is hardened (but made brittle). The 
brittleness can be reduced by tempering (specialized heat treatment). 


Iron itself is not hardened in this way. 
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19.21 OXIDES OF IRON 


Three oxides are known, ferrous oxide FeO, ferric oxide Fe,03 and 
ferroso-ferric oxide ЕезО„. Ferrous oxide can be written simply as 
Fe**O--, but it really has a structure which cannot be represented by a 
clear-cut formula (this type of compound is called non-stoichiometric). 
Ferric oxide can be treated as (Fe***):(O s. Ferroso-ferric oxide 
can be treated as Fe**(FeOz)». They are all basic oxides. 

Ferrous oxide is prepared by heating ferrous oxalate in the absence 


of air. 
Fe**^C,0;- — Ее++О— + СОЇ + CO; 


Ferrous oxide is spontaneously inflammable in air. 
Ferric oxide can be made by heating ferric hydroxide Fe***(OH-^)s. 


2Fe(OH)3 — Бег Оз + 3H20 
It is also made by heating ferrous sulphate. 
2Fe**SO;- — Fe;O; + 50! + SOst 


It occurs naturally as haematite. " 
Ferroso-ferric oxide is made by passing steam over red-hot iron. 


3Fe + 48,0 г БезО, + 4H2 


It occurs naturally in the magnetic mineral magnetite (lodestone). 
With acids, it gives a mixture of ferrous and ferric salts. 


19.22 HYDROXIDES OF IRON 


Ferrous hydroxide Fe**(OH-); is formed as a green precipitate (said 
‚ to be White if all air is excluded from the apparatus) when à solution 
containing hydroxyl ions is added to one containing ferrous 10n$. 


Fe** + 20H- — Fe(OH)2} 


Ferric hydroxide Fe*** (OH-); is formed as а red/brown gelatinous 
Precipitate when a solution containing hydroxyl ions is added to one 
containing ferric ions. 


Fet++ + 30H- > Fe(OH)s! 


Both hydroxides are basic. 
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19.23 CHLORIDES OF IRON 


Ferrous chloride is made by passing dry hydrogen chloride over hot 
iron wire. 
Fe + 2HCI — FeCl, + H2 


It dissolves in water to give a solution containing hydrated ferrous 
ions, [Fe(H20),Cl2]*, which have a green colour. 
Ferric chloride is made by passing dry chlorine over hot iron wire. 


2Fe + 3Cl; — Ре; Сј6 


It exists as covalent double molecules іп the vapour state (cf. Al2Cl6), 


Tu ee 
of a a 


but dissolves in water to give a solution containing hydrated ferric 
ions, [Fe(H20),Cl2]*, which have a yellow colour. 


19.24 THE OXIDES OF LEAD 


Lead monoxide PbO is made by heating lead nitrate, carbonate, or any 
higher oxide of lead. On an industrial scale, it is made by heating lead 
in air. 
2Pb + О; + 2PbO 

It is formed as a yellow powder (‘massicot’). If this is fused, allowed 
to cool, and powdered, a reddish-brown form called ‘litharge’ is 
formed. 

It is amphoteric, reacting with acids to form plumbous salts and 
with solutions of caustic alkalis to form plumbites, for example: 


T manent ME ms 
PbO + 2H* + 2NO; — Pb** + 2NO; + HO 


d ees اسم‎ 
PbO + 2Na* + 20H- > 2Na* + PbO; - + HO 
If heated in air at about 450°C it forms red lead. 
6PbO + О, = 2Pb304 


At higher temperatures, dissociation of the red lead occurs. 
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Red lead, Pb3O4, is used in making glass and in some red paints (as 
a pigment). Chemically, it behaves at РБО „РБО;, i.e. a mixed oxide. 
With dilute nitric acid it gives lead dioxide as a precipitate. 


ee rae 
2PbO + 4HNO; — 2Pb** + 4NO; + 2H20 
PbO, has no reaction with dilute nitric acid 
hence: 
ص‎ —À 
PbO, + 4HNO; —2Pb** + 4NO; + PbO;| + 2H20 


Lead dioxide, PbO», is а brown powder which is a powerful oxidizing 
agent (cf. MnO»). It oxidizes hot concentrated hydrochloric acid to 
chlorine. 


PbO, + 4HCI > РЬСІ, + 2H;0 + Clot 
When heated above 300°C it decomposes. 
2PbO; — ЗРБО + О; 


19.25 PLUMBOUS CHLORIDE РЬСІ, 


This is precipitated when a solution containing СТ“ ions is added to 
one containing Pb** ions. 
Pb** + 2217 + PbCl2} 


It is much more soluble in hot water than in cold. It dissolves in 


concentrated hydrochloric acid forming chloroplumbous acid, 
(H*),PbCl;-. 


19.26 PLUMBOUS IODIDE РЫ, 


This is precipitated as a yellow solid when a solution containing I^ 
lons is added to one containing Pb** ions. 


Pb** + 2I- — РЫ,{ 


_ It is much more soluble in hot water than cold. If hot potassium 
iodide solution is added to a hot solution of a plumbous salt, and iae 
mixture cooled, the iodide is formed as lustrous golden spangles. 


19.27 CUPRIC OXIDE CuO 


This is a black solid, formed when cupric hydroxide, carbonate ОГ 


nitrate is heated. It is basic, and hygroscopic. It is used = = 
analysis as ап oxidizing agent. 279 
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19.28 CUPROUS OXIDE Cu;O 


This is formed as a red solid when Fehling’s solution (effectively cupric 
hydroxide) is boiled with an Aldehyde, a compound of general formula 
R.CHO, where R is a group such as alkyl (e.g. acetaldehyde, CH;CHO, 
glucose, CsHı 206), for example: 
*2Cu(OH);' + R.CHO — Cu,0} + R.COOH + H;O 
aldehyde acid 

It is basic, reacting with acid to give cuprous salts, or cupric salts 

plus copper if the cuprous salts are not stable. 


19.29 CUPRIC CHLORIDE CuCl, 


This is made by reacting cupric oxide, hydroxide or carbonate with 
dilute hydrochloric acid, and crystallizes as a dihydrate. It is a greenish 
solid which gives a blue aqueous solution. This is because the blue 
colour of a cupric salt is due to the Cu(H20)4** ion;* in the crystal, this 
ion cannot be present, but it can be formed in aqueous solution where 


there are many water molecules. 
The anhydrous salt is formed when copper is heated gently in 
chlorine. If it is heated strongly, cuprous chloride is formed. 


2CuCl, + 2CuCl + Cleat 
Both the hydrate and anhydrous salt are very deliquescent. 


19.30 CUPROUS CHLORIDE CuCl 


This can be made by the reduction of cupric chloride with copper. 


het ————~‏ > سے 
Cutt + 2CI- + Cu —— 2Cut + 227‏ 
(2CuCl)‏ 

Cupric oxide is dissolved in concentrated hydrochloric acid and the 
solution is warmed with copper until the blue colour has disappeared. 
If the solution is then poured into air-free distilled (or deionized) 
water, cuprous chloride is precipitated as a white solid. 

A more convenient method is by reduction of a mixed solution of 
cupric sulphate and sodium chloride (i.e. Си++ and 2CI- ions present) 


with sulphur dioxide. 


осш + 2CI- + 29:0 + 50 > 80, + 4H* + 2CuCl} 


* Some authors give the formula of the hydrated cupric ion as Cu(H20)s* *. 
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It is soluble in ammonia solution to give a colourless solution called 
ammoniacal cuprous chloride (often blue owing to atmospheric oxida- 
tion). This absorbs carbon monoxide (see 10.12), and acetylene (see 
10.7). 


19.31 CUPRIC SULPHATE (BLUE VITRIOL) CuSOs 


This is formed when the oxide, hydroxide or carbonate is reacted with 
dilute sulphuric acid (6.8). It crystallizes as the blue pentahydrate. 
When heated at about 110°C, it loses 4 of its molecules of water to give 
the monohydrate. At about 300°C, it gives anhydrous cupric sulphate 
(white). At even higher temperatures, it gives the oxide and sulphur 
trioxide. 

CuSO, > CuO + SOst 


Cupric sulphate is used in the refining of copper and in copper 
plating (see 3.4), It is also used in agricultural sprays (e.g. Bordeaux 
mixture) which are used to control fungus diseases of crops such as 
potatoes. 


19.32 CUPRIC SULPHIDE CuS 


This is precipitated as a black solid when hydrogen sulphide is passed 
into a solution containing Cu** ions. It occurs naturally as Copper 
Pyrites CuS, Fes. 

On strong heating, it gives cuprous sulphide and sulphur. 


2CuS > CuS + S 
When exposed to damp air, it is slowly oxidized to the sulphate. 


CuS + 202 + CuSO 


19.33 CUPROUS IODIDE Cul 


This is precipitated as a white crystalline solid when a solution contain- 
Ing iodide ions (e.g. potassium iodide) is added to a solution containing 
cupric ions. The brown colour of the iodine is removed by reacting it 
With sodium thiosulphate solution. 


2Cu** + 4I- > 2Cull + 1 
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19.34 MERCURIC CHLORIDE HgCl, (‘corrosive sublimate’) 
This is formed by sublimation from a mixture of mercuric sulphate 
and sodium chloride. 
heat 
HgSO, + 2NaCl — —- HgClat + Na2SOx 


It is soluble in water, and can be reduced by stannous chloride to 
give a white precipitate of mercurous chloride (turning grey owing to 
the formation of mercury). 


2Hg** + Sn** > Неј + + Ѕп++++ 
12217 
Не; С (white ppt) 


Hgi* + Sn** — 2Hg + Sn**** (turns grey) 


19.35 MERCUROUS CHLORIDE Hg;Cl; (‘calomel’) 


This is precipitated as a white solid when a solution containing Cl- 
ions is added to mercurous nitrate solution. It readily sublimes on 
heating. 


19.36 MERCURIC IODIDE Нађ 


This is formed as an orange precipitate when a solution containing 
iodide ions (e.g. potassium iodide) is added to a solution containing 


mercuric ions. 
Hg** + 21- > Hela} 


It is soluble in excess potassium iodide solution forming potassium 
mercuri-iodide (colourless solution). 


2K* + 2I- + Hgl > 2К+ + Hel, - 


An alkaline solution of this is called Nessler’s reagent and gives а 
brown precipitate with ammonia. 


19.37 NITRATES OF MERCURY 


Mercurous nitrate Hg2(NO3)2 is the only mercurous salt which is 
readily soluble in water, and it is therefore used to prepare other 
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mercurous salts by precipitation. It is made by reacting mercury with 
dilute nitric acid. 


V pe SS. 
6Hg + 8HNO; + 3Hg? + + 6NO; + 2NO} + 4H20 


Mercuric nitrate Hg(NO3)2 is also soluble in water. It is made by 
reacting mercury with concentrated nitric acid, or mercuric oxide 
with dilute nitric acid. 


үкси a‏ ي 
Hg + 4HNO; + Hg** + 2NO; + 2NO;1 + 2H20‏ 


When either nitrate is heated, the products are entirely volatile, for 


example: 
Hg(NO3); > Hgt + 230,1 + (од 


19.38 QUESTIONS 


1. Give an account of the Solvay process for the manufacture of 
sodium carbonate. Explain how hard water may be softened by the 
addition of washing soda. А 

2. Describe the preparation of sodium chlorate from sodium chloride. 
How may sodium chlorate be converted into potassium chlorate? 

3. Write an account of the chemistry of sodium chloride. Your account 
should include a description of its chemical bonding, uses, occur- 
тепсе, etc. 

4. How would you distinguish between (a) sodium carbonate and 
Sodium bicarbonate, (b) zinc carbonate and lead carbonate, 
(c) calcium carbonate and zinc carbonate? 

5. Give an account of the general methods by which metals may be 
extracted from their ores. Men 

6. Describe in some detail the extraction of (a) sodium, (5) aluminium, 
(c) zinc, (d) iron, (e) copper. What are the uses of these metals? 

7. What do you know about the position of a metal in the electro- 
chemical series and (a) its occurrence, (5) its extraction, (c) its re- 
activity with water, (d) the stability of its hydroxide and carbonate? 

8. What do you see to happen, and what action occurs, when the 
following are heated: (a) potassium chlorate, (5) ferrous sulphate 
heptahydrate, (c) cupric carbonate, (d) cupric sulphate penta- 
hydrate, (e) Gypsum, (f) sodium nitrate, (g) lead nitrate, (й) am- 
monium nitrite, () ammonium nitrate, (j) sodium hydroxide, 
(k) aluminium hydroxide? 

9. What are limestone and gypsum? What important product can be 
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10. 


11. 


12. 


13 


14. 


15. 


16. 


17. 


18. 
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made from each? For what purposes are these products chiefly 
used? 

Give the names and formulae of three common minerals containing 
calcium ions, and mention one use of each. What is the difference 
between permanent and temporary hardness, and what causes each 
type of hardness? 

Name, and give the formula, of one naturally occurring compound 
of (a) magnesium, (b) zinc, (c) lead. Give one use of each metal and 
indicate the property of the metal on which the use depends. How 
can zinc be made from zinc oxide? 

Describe experiments which illustrate the reaction of water or 
steam with (a) sodium, (b) calcium, (c) iron. Write balanced equa- 
tions. How would you identify the products formed in (a) and (5)? 
Describe the manufacture of aluminium. Give two uses of the 
metal How does aluminium react with (a) oxygen, (b) hydro- 
chloric acid, (c) sodium hydroxide, (d) ferric oxide? 

Name, and give the formulae, of two ores of iron containing a 
mineral from which the metal may be extracted. Describe the ex- 
traction of iron. How may it be converted into steel by the Open 
Hearth process? Give a short account of the different types of 
steel. 

Given metallic iron, describe how you would prepare (a) ferrous 
sulphate crystals, (b) ferric oxide, (c) anhydrous ferric chloride. 
Describe the appearance of the three main oxides of lead. Describe 
what happens (if anything) when each oxide is warmed with (a) 
dilute nitric acid, (b) concentrated hydrochloric acid. 

How does mercury occur and how may the metal be extracted? 
Give two uses of mercury. What is the action of heat on mercuric 
oxide. 

Give an account of the preparation and uses of cupric sulphate. 


20 Collection and Drying of Gases 


When gases are ‘insoluble’ in water, they are generally collected in gas 
jars ‘over water’, while soluble gases are collected by upward delivery 
(downward displacement of air) or downward delivery (upward dis- 
placement of air) depending on whether they are less or more dense 
than air. When full, the gas jars are sealed by a cover slip smeared with 
vaseline. 

Small quantities of gases which are soluble in water are often col- 
lected ‘over mercury’. 


Collection of gases 


Gas — 


Pneumatic 
trough 


0 
(a) Over water for insoluble gases 
For H2, Оз, №, CO, МО (cold water) 
For N20, HS (hot water) 


Gas —— 
Gas — 
(b) Gases heavier than air; the (c) Gases lighter than us 
approximate vapour densities approximate yapo 
being put in brackets being put in brackets 
(downward delivery) (upward delivery) 
HCI (18), H4S (17), Н, (1), МН, (9) 


CO; (22), N20 (22), 

SO; (32), СІ, (36) 

(N.B. approximate vapour 
density of air = 14.) 


. 20.1 
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Methods for drying gases 


(b) Conc. H5SO, soaked into 
pumice stone in a *U' tube 


(d) Quicklime in a tower 


Fic. 20.2 е 


gel in a ‘U’ tube 


Gas burette 
Gas 


Rubber 
tubing 


Fic. 20.3 
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If the gas is required dry, it must first be passed through (over) a 
Suitable drying agent which does not react with the gas. 

(а) Concentrated sulphuric acid: for all the common gases except 
NH; (+ (NH,)2SO,), Н. (+ S), and МО; (absorbed to form a com- 
plex mixture of acids). 

(b) Anhydrous calcium chloride: for all the common gases except 
NH; and H,S. 

(c) Silica gel: for all the common gases except NH3. 

(4) Quicklime: used almost exclusively for NH3. M 

(e) Phosphoric oxide; for all common gases but is ordinarily used 
for Temoving last traces of moisture from a substance which is required 
In a particularly dry state. 

A dried gas is not collected over water. If it cannot be collected by 
мага or downward delivery (ке. O», N», CO, NO), it is best col- 
lected Over mercury, using a gas burette (a special burette for the 
manipulation of volumes of gases, fig. 20.3). 
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Absolute temperature, 
51 
Accumulators, 137 
Acetaldehyde, 174 
Acetic acid, 178 
Acetone, 186 
Acetyl chloride, 115, 
179 
Acetylene, 173 
Acheson process, 156 
Acid anhydrides, 100, 
106 
radical tests, 258 
salts, 99 
Acidic oxides, 111 
Acids, 97 
basicity of, 99 
concentration of, 98 
definition, 97 
general methods of 
preparation, 100 
general properties, 
98 


mineral, 98 

names, 98 

strength of, 98 
Activation energy, 145 
Active mass, 241 
Addition, reactions, 

172 

Adsorbent, 16 
Air, 7 

a mixture, 7 

liquid, 105 

vapour density, 285 
Albumin, 223 
Alcohols, 176 
Aliphatic, 164 
Alkali metals, 44 
Alkaline Earths, 45 
Alkalis, 111 
Alkyl group, 164 
Allotropy, 123, 221 

of carbon, 156 

of phosphorus, 194 


of sulphur, 123 
Alloys, 221 
Aluminium carbide, 

274 

chloride, 272-273 

occurrence, 81 

oxide, 272 

production, 81 

sulphate, 273 

uses, 263 
Alums, 273 
Amatol, 145 
Amino acids, 167, 182 
Ammonia, 140, 141, 

163, 236 

manufacture, 140 

preparation, 141 

properties, 141 

-soda process, 265 

uses of, 142 
Ammoniacal liquor, 

163 
Ammonium 
bicarbonate, 266 

carbonate, 145 

chloride, 144, 145 

dichromate, 139 

hydroxide 

(ammonia 
solution), 113, 
115, 142 

ion, 37 

nitrate, 145 

nitrite, 139 

salts, 144 

sulphate, 145 

sulphide, 145 
Amorphous, 221 
Amphoteric 

hydroxides, 113 
Analysis, 248 
Anhydride, 100, 106 
Anhydrite, 130, 271 
Anhydrous, 248 
Animal charcoal, 155 


Anions, 59, 258 
Anode, 59 
Anthracene, 163 
Anthracite, 158 
Antiknock, 171, 214 
Antimony sulphide, 
199 
Argon, 31 
Aromatic, 164 
Asbestos, 204 
Atmosphere, see Air 
Atmospheric nitrogen, 
138 
Atom, 24 
definition of, 24 
Atomic bomb, 29 
energy levels, 31 
nucleus, 25 
number, 26, 42 
orbits (shells), 30 
pile (reactor), 29 
radii, 47 
symbols, 31 
theory, 21 
weight, 27, 230, 288 
Atomicity, 31 
Autocatalysis, 246 . 
Avogadro's hypothesis, 
24, 56 
Avogadro's number, 
50, 51 


Bakelite, 168 
Baking powders, 268 
soda, 268 
Barium chloride, 248, 
258 
peroxide, 120 
sulphate, 248, 258 
Bases, 111 
Basic oxides, 111 
salts, 100 
slag, 275 
Basicity, 99 
Bauxite, 272 
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Becher and Stahl, 107 

Beet sugar, 180 

Benzene, 96, 160, 163, 
174 

Benzene sulphonic 
acid, 175 

Berthollide 
compounds, 22 

Bessemer process, 275 

Bisulphates, 136 

Bisulphites, 131 

Bitumen, 170 

Blast furnace, 81, 83, 84 

Bleaching powder, 
207, 212 

Blue vitriol, 281 

Bohr, 25 

Boiler scale, 117 

Boiling, 3 

Boiling point, 2 

Bosch process, 94 

Boyle’s law, 51 

Brass, 263 

Breathing, see 
Respiration 

Brewing, 187 

Brine-electrolysis of, 68 

Brodie's ozonizer, 121 

Bromates, 213 

Bromides, 217 

Bromine, 212 

Bronze, 263 

Brown ring test, 151 

Bunsen burner, 163 

Burette, 252 

Burning, see 
Combustion 


Calcium, 80, 263 

bicarbonate, 116, 
271 

bisulphite, 270 
carbide, 173, 270 
carbonate, 271 
chloride, 266 
cyanamide, 271 
hydroxide, 270 
hypochlorite, 212 
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nitrate, 153 
orthophosphate, 198 
oxide, 270 
production, 80 
silicate, 203 
stearate, 116 
sulphate, 271 
Calculations from 
equations, 49 
Caliche, 268 
Calorific value, 158 
Candle flame, 163 
Cane sugar, see 
Sucrose 
Cannizzaro, 231 
Carbohydrates, 179 
Carbon, 155 
allotrophy, 155 
‘amorphous’, 155 
black, 170 
Carbonates, 189 
Carbon dioxide, 187, 
234 
Carbon disulphide, 157 
Carbonic acid, 187 
Carbon monoxide, 190 
Carborundum, 156 
Carboxy-haemoglobin, 
191 
Carnallite, 206 
Cassiterite, 82 
Cast iron, 81, 275 
Castner-Kellner cell, 
67-68 
Catalysis, 245 
Catalyst, 245 
Catalytic cracking, 
171 
Cathode, 59 
Cations, 59, 259 
Caustic soda, see 
Sodium hydroxide 
Cells, 91 
Cellulose, 156, 184 
Cement, 204 
Chain reaction, 29 
Chalk, see Calcium 
carbonate 


Chamber crystals, 135 
process, 135 
Charcoal, 155 
Charles's law, 51 
Chemical bonds, 7, 32 
cells, 91 
changes, 1, 8 
combination, 6-7 
equations, 37 
equilibrium, 241 
formulae, 32, 38 
properties, 1 
symbols, 31 
Chile saltpetre, 268 
Chlorides, 208, 211 
Chlorine, 206 
water, 207 
Chloroacetic acids, 179 
Chlorobenzene, 175 
Chloroform, 177 
Chlorophylls, 17 
Chromatography, 15 
Chromic anhydride, 111 
oxide, 139 
peroxide, 121 
Chromium steel, 276 
Cinnabar, 82 
Clay, 202, 204 
Cloud chamber, 27 
Coagulation, 223 
Coal, 156 
Coal gas, 159, 160 
Coal tar, 162 
Coke, 159, 160 
Collection of gases, 
285 
Colloidal sulphur, 125 
Colloids, 221 
Combustion, 107 
Complex salts, 101 
Compound-atoms, 21 
Compounds, 4, 6, 24 
Concentration effect, 
62 
Concrete, 204 
Condensation, 2 
Constant boiling 
mixture, 210 


Y 


Contact process, 134 
Conversion to N.T.P., 
51, 52 
Conversion ratio, 229 
Co-ordinate covalency 
(dative covalency), 
37 
Copper, 82, 263 
carbonate, 90 
chlorides, 280 
hydroxide, 89 
Occurrence, 82 
oxides, 279, 280 
plating, 66 
production, 82 
purification, 66 
pyrites, 82 
sulphate, 281 
sulphide, 281 
uses, 263 
Coral, 271 
Coulombs, 61 
Covalency, 36 
Covalent bond, 36 
Cowper stoves, 84 
Cracking, 171 
Creosote oil, 163 
Crude oil, 170 
Cryolite, 81 
Crystal lattice, 34 
Crystallization, 11, 221 
Crystalloids, 222 
Crystals, 221 
Cupric compounds, 279 
Cuprous 
acetylide, 174 
compounds, 280 
Cyclohexane, 96, 175 


Dalton, 21 
Daniell cell, 91 
сүн bond, 


D.D.T., 166 
Decarboxylation, 186 
ecrepitation, 149 
Degree of hardness, 

116 


Deliquescence, 102 
Denitrifying bacteria, 
138 
Detergents, 118 
Detoxification of coal 
gas, 162 
Deuterium, 27 
Devarda's alloy, 152 
Dialysis, 223 
Diamond, 155 
Diaphragm cell, 69 
Diffusion, 52, 94, 232 
Dinitrogen tetroxide 
(nitrogen dioxide), 
148 
Disaccharides, 180 
Discharge of ions, 62 
Distillation, 4, 11, 118 
Dóbereiner, 41 
Dolomite, 80 
Double 
decomposition, 9 
Double salts, 100 
Downs cell, 63, 79 
Downward delivery, 
285 
‘Dry ice’, 187 
Drying of gases, 286 
Ductile, 5 
Dulong and Petit, 230 
Duralumin, 263 
Dust precipitation, 
134, 193 
Dynamic allotropy, 
125 
Dynamite, 153 


Earth’s crust, 5 

E.D.T.A., 116-117 

Efflorescence, 102 

Effusiometer, 232-233 

Effusion, 232 

Egg shells, 271 

Electric arc furnace, 
276 

Electro chemical 
equivalent, 61 

series, 77 
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Electrode processes, 
62 

Electrolysis, 59 

Electrolyte, 57 

Electronegativity scale, 
40, 41 


. Electronic theory of 


valency, 32 
Electrons, 25, 30 
Electroplating, 66 
Electropositivity, 40 
Electrovalency (ionic 

valency), 35 
Electrovalent bond 

(ionic bond), 35 
Elements, 4, 24 

classification, 41 
distribution of in 

nature, 5 

radioactive, 4 
Emulsions, 222 
Enantiotropy, 123 
Endothermic, 10 
Energy levels, 30 
Enzymes, 246 
Epsom salt, 80 
Equations, 49 

calculation from, 49 
Equilibrium, 241 
Equilibrium constant, 

242 

mixture, 242 
Equivalents of 

compounds, 249 

of elements, 225 
Esters, 176, 177 
Ethane, 96 
Ethanol, 176 
Ether (diethyl ether), 

177 
Ethyl acetate, 

115, 176 

alcohol (see 

Ethanol), 176 
Ethylamine, 177 
Ethylene, 96, 172 
Ethylene dibromide, 

172 
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Ethylene glycol, 172 
Ethylene oxide, 173 
Ethylene ozonide, 122 
Evaporation, 2-3, 11 
Exothermic, 10 


Faraday, 61 
Faraday’s laws, 61 
Fats, 181 
Felspars, 204 
Ferric chloride, 208, 
278 
hydroxide, 277 
ions, 261 
oxide, 277 
sulphate, 90 
Ferroso ferric oxide, 
85, 88, 277 
Ferrous chloride, 278 
hydroxide, 277 
ions, 261 
oxide, 277 
sulphate, 90 
sulphide, 126 
Fertilizers, 138 
Filter bed, 10 
Filtrate, 10 
Filtration, 10 
Fire-extinguisher, 188 
Fixation of nitrogen, 
138 
Flame tests, 260 
Flames, 163 
Flowers of sulphur, 
124 
Flowing mercury 
cathode cell, 68 
Fluorine, 46-47 
Fog, 222 
Foodstuffs, 179 
Formic acid, 190 
Formulae, 56, 165 
Formulae empirical, 
165 
molecular, 165 
structural, 165 
Fountain experiment, 
142-143 
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Fractional 

crystallization, 13 
distillation, 11, 12 

Fractionating column, 
1112 

Frasch process, 123 

Freezing point, 2 

Friedel-Crafts 
reaction, 175, 273 

Froth flotation, 20 

Fuels, 157 

Functional group, 164 

Fusion, 2 


Galena, 82 
Galvanized iron, 263 
Gas, 2 
burette, 286 
chromatography, 
18-19 
equation, 51 
laws, 51 
testing, 257 
Gases—collection of, 
285 
density of, 233 
drying of, 285-286 
kinetic theory of, 53 
solubility of, 220, 
285 
Gay Lussac’s law, 23 
Geiger-Miiller 
counter, 28 
Gelatine, 223 
Gels, 222 
Glass, 203 
Glauber’s salt 
(sodium sulphate 
decahydrate), 102 
Glucose, 176 
Glycine, 182 
Goitre, 215 
Gold, 4 
Graham’s law, 52 
Gram-equivalent, 
225 
-molecular volume, 
50, 51 


-molecular weight, 
50 
-molecule, 50 
Graphite, 155 
Gravimetric analysis, 
248 
Green vitriol 
(ferrous sulphate 
heptahydrate), 90 
Groups, 42 
Guldberg and Waage, 
241 
Gunpowder, 269 
Gypsum, 271 


Haber process, 140, 243 
Haematite, 81 
Haemoglobin, 110 
Half-life period, 28 
Halogens, 46, 206 
Hard steel, 276 
Hard water, 116 
Hardy-Schulze rule, 
223 
Heavy gas oil, 170 
Helium, 31 
Heterogencous, 247 
Higher oxides, 112 
Hofmann’s voltameter, 
65 
Homogeneous, 247 
Homologous series, 
164 
Hormones, 183 
Hot springs, 188 
Hydrated salts, 49, 
102, 249 
Hydraulic main, 160 
Hydrides, 95 
Hydriodic acid, 216 
Hydrobromic acid, 216 
Hydrocarbons, 
moleculer 
formulae of, 237 
Hydrochloric acid, 210 
Hydrogen, 93 
bonding, 48 
nascent, 96] 


Hydrogenation, 96, 97 
Hydrogen bromide, 
215 
chloride, 210, 235 
iodide, 215 
peroxide, 120 
sulphide, 126, 234 
Hydrolysis, 115 
Hydroxides, 89, 113 
Hydroxonium ion, 97 
Hygroscopic 
compounds, 102 
Hypo (see 
Sodium 
thiosulphate 
crystals) 
Hypobromites and 
hypobromous 
acid, 213 
Hypochlorites and 
hypochlorous acid, 
207, 209 
Hypoiodites, 215 
Hypothesis, 56 


Immiscible liquids, 13 
Indicators, 98 
Induction furnace, 276 
Iodates, 215 
Iodides, 217 
Iodine, 214 
Ionic equations, 39 
Ionic reactions, 39 
Ionic theory, 57 
Ion-exchange, 118, 204 
Ions, 34-35, 38, 59 
Iron oxides, 277 
pig, 81, 275 
Production, 81, 84 
Pyrites, 81 
rusting of, 108-109 
wrought, 275 
Isomerism, 166 
Isotopes, 21, 26-27, 31, 
42 


Jellies, 222 
Joule-Kelvin effect, 104 


Kelp, 214 

Kerosene, 170 
Kinetic theory, 53 
Kipp’s apparatus, 87 
Knocking, 171 
Krypton, 31 


Lactose, 180 
Lamp black, 155 
Landolt, 21 
Laughing gas (see 
Nitrous oxide) 
Lavoisier, 21, 107-108 
Law of conservation 
of mass, 21 
constant 
composition 
(definite 
proportions), 22 
equivalents 
(reciprocal 
proportions), 23 
mass action, 241 
multiple 
proportions, 22 
Lead, 82, 263 
accumulators, 137 
bromide, 64 
chloride, 279 
chromate, 261 
dioxide, 279 
iodide, 279 
monoxide, 278 
nitrate, 89 
pencils, 156 
production of, 82 
sulphide, 82 
uses of, 263 
Leblanc process, 269 
Le Chatelier's 
principle, 134, 243 
Leguminous plants, 
138 
Ligands, 101 
Lignin, 156 
Lignite, 157 
Lime, 270 
kiln, 270 
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milk of, 265 

water, 270 
Limestone, 271 
Litharge, 278 
Lithopone, 136 
Litmus, 98 
Livesey washer, 159 
Lurgi process, 161 


Magnalium, 263 
Magnesite, 80 
Magnesium, 80, 263 
bicarbonate, 116 
carbonate, 80 
chloride, 80 
from sea water, 80 
hydroxide, 80 
nitride, 140 
oxide, 88 
sulphate, 80 
uses of, 263 
Magnetic separation, 
19 
Magnetite, 277 
Malleable, 5 
Maltose, 180 
Manganese dioxide, 
206, 213 
heptoxide, 111 
Marble, 271 
Marl, 204 
Marsh gas, 169 
Massicot, 278 
Matches, 199 
Melting point, 2 
Mendeleéff, 42 
Mercuric chloride, 282 
iodide, 282 
nitrate, 283 
oxide, 104 
sulphide (see 
Cinnabar), 82 
Mercurous chloride, 
282 
nitrate, 282 
Mercury, 82, 263 
cathode, 68 
uses of, 263 
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Metallic couples, 93 
structures, 47 
Metals, 5, 263 
and non-metals, 5 
displacement from 
solution, 86 
electrochemical 
series, 77 
extraction of, 78 
general 
characteristics, 5 
occurrence of, 78 
physical properties, 5 
reaction with acids, 
86 
reaction with air or 
oxygen, 87, 88 
reactivity series, see 
electrochemical 
series, 77 
tests for ions of, 
259-261 
uses of, 263 
Methane, 169 
Methanol (methyl 
alcohol), 158 
Methyl alcohol (see 
Methanol), 158 
orange, 98 
Methylated spirit, 158 
Mild steel, 276 
Milk of lime, 265 
Mineral salts, 182 
Mineral waters, 187 
Minerals, 5 
Miscible liquids, 
separation of, 
11-13 
Mixtures, 4 
separation of, 10 
Molar solutions, 249 
Molecules, 21, 24 
Molecular formulae of 
gases, 234 
Molecular size—oil 
film, 24 
Molecular weights, 
48, 233 
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and vapour density, 
52, 233 
calculation of, 48 
use in calculations, 
48-50 
Molecularity of 
reactions, 244 
Monoclinic sulphur, 
124 
Monosaccharide, 180 
Monotropy, 123 
Mortar, 271 


Naphthalene, 163 
Nascent hydrogen, 96 
Natural gas, 93, 159 
Neon, 31 
Neutral oxides, 112 
Neutralization, 99 
Neutron, 25 
Newlands, 41 
Nickel, 246 
Nitrates, 150, 151 
Nitration, 152 
Nitre, 269 
Nitric acid, 150, 151 
Nitric oxide, 141, 147 
Nitrifying bacteria, 138 
Nitrites, 150, 153 
Nitrobenzene, 152, 175 
Nitro-chalk, 153 
Nitrolime, 272 
Nitrogen, 138 
atmospheric, 138 
chemical, 139 
cycle, 138 
oxides, molecular 
formulae of, 237 
Nitrogen dioxide 
(dinitrogen 
tetroxide), 148 
Nitrogen trichloride, 
143 
Nitrogenous fertilizers, 
138 
Nitrophenol, 152 
Nitrosyl ferrous 
sulphate, 147 


Nitrous acid, 153 
Nitrous oxide, 145 
Non-electrolytes, 57 
Non-metals, 5 
Non-stoichiometric 
compounds, 22 
Normal salts, 100 
solutions, 251 
МР 
Nucleus of atom, 25 
Nylon, 168 


Oil of vitriol 
(sulphuric acid), 
134 
Olefins, 172 
Oleum, 133, 134 
Onia-Gegi, 161 
Open-hearth process 
(see Siemens- 
Martin process), 
275 
Order of a reaction, 
244 
Ores, 5 
Organic chemistry, 164 
Over-voltage, 62 
Oxalic acid, 190 
Oxidation, 71 
state, 76 
Oxides, 111 
Oxidizing agents, 71 
Oxy-acetylene, 107 
Oxygen, 104 
manufacture of, 104 
scale, 27 
Oxyhaemoglobin, 110 
Ozone, 121, 237 
Ozonizers, 121 


Paper chromatography, 
15-16 

Paraffins, 169 

Peat, 157 

Percentage composition 
of compounds, 49 

Perdisulphuric acid, 
120 


Period, 42 
Periodic table, 41 
Permonosulphuric 
acid, 120 
Permutit, 117 
Peroxides, 112 
Petroleum oil, 170 
Petrols, 170 
Phenol, 163 
Phenolphthalein, 98 
Phlogiston theory, 107 
Phosphates, 198 
Phosphine, 195 
Phosphoric acid, 197 
anhydride, 196 
oxide, 196, 287 
Phosphorus, 193 
allotropy of, 194 
manufacture of, 193 
oxychloride, 179, 199 
pentachloride, 199 
pentoxide, 195, 196, 
197 


sulphide, 199 
trichloride, 198 
trioxide, 196 
Photocatalysis, 246 
Photosynthesis, 105, 
188 
Physical changes, 1 
„Properties, 1 
Pig iron, 81, 275 
Pipette, 252 
Plaster of Paris, 271 
Plastic sulphur, 124 
Plastics, 167 
Platinized asbestos, 133 
Platinum, 133 
olymerization, 167 
Polymorphism, 271 
olysaccharides, 180 
Polystyrene, 168 
Polythene, 168, 173 
Polyvinyl chloride, 168 
Portland cement, 204 
Potash alum, 273, 274 
Potassium, 80, 263 
chlorate, 270 


chloride, 80 
dichromate, 132, 250 
ferricyanide, 261 
ferrocyanide, 261 
iodide, 208 
mercuri-iodide, 282 
nitrate, 269 
permanganate, 132, 
250 
pyrosulphate, 91 
Precipitation 9, 103, 
113 
Priestley, 104, 107 
Primary alcohol, 176 
Prismatic sulphur (see 
Monoclinic 
sulphur) 
Producer gas, 158 
Promoters, 246 
Propane, 171 
Protection of one 
colloid by another, 
223 
Proteins, 167, 180, 181 
Protons, 25 
Purifier, 160 
Pyrex glass, 204 
Pyrolysis, 185 
Pyrosulphuric acid, 
133 


Qualitative analysis, 
248 

Quantitative analysis, 
248 

Quartz, 202 

Quicklime, 270, 287 


Radicals, 32 
Radioactive elements, 
4,27 
isotopes, 27, 30 
Radioactivity, 27 
Radium, 28 
Rare gases, 31 
compounds of, 33 
Rates of reaction, 24 
Rayleigh, Lord, 139 
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Rayon, 185 
Reactions—types of, 7 
—rates of, 241 
Reactivity series, see 
Electrochemical 
series 
Red lead, 279 
Redox, 71 
Reducing agents, 71 
Reduction, 71, 95 
Reforming, 171 
Regnault's method, 
233 
Replacement reactions, 
9 
Respiration, 110 
Retort, 150, 160 
Reversible reactions, 
10, 241 
Rhombic sulphur, 124 
Richter, 23 
Rock drills, 156 
phosphate, 193 
salt, 209 
Rubber-vulcanization, 
126 
Rubies, 272 
Rust, 108, 109 
Rutherford, Lord, 25 


Sal ammoniac (see 
Ammonium 
chloride) 

Salt (see Sodium 
chloride) 

Saltpetre (potassium 
nitrate, nitre), 269 

Salts, 100-103 

acid, 99 
basic, 100 
colour of, 101 
complex, 101 
double, 100 
formation of, 102 
hydrated, 49, 249 
normal, 100 
preparation of, 102 
solubility of, 101 
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Sand, 202 

Saponification, 181 

Sapphires, 272 

Saturated compound, 
165 

Saturated solution, 
219, 220 

vapours, 3 

Saturated vapour 

pressure (S.V.P.), 


3 
Sea water, 80, 269 
Seaweed, 214 


Sedimentation, 219 
Selective discharge, 62 
Semi-water gas, 158 
Separating funnel, 13 
Shared pair of 
electrons, 36, 37 
Sherardizing (a form 
of galvanizing), 
263 
Siemens-Martin 
process, 275 
Siemens’ ozonizer, 121 
Silica, 201, 202 
gel, 202, 287 
glass, 202 
Silicates, 204 
Silicic acids, 204 
Silicon, 201 
dioxide, see Silica, 
201, 202 
steel, 201 
Silicones, 169, 202 
Silver, 82, 263 
bromide, 259 
chloride, 259 
iodide, 259 
sulphide, 82 
Slaked lime (see 
Calcium 
hydroxide) 
Smoke, 222 
Smokeless fuels, 158 
Soap, 181 
Sodium, 80, 263 
aluminate, 112, 113 
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bicarbonate 266-267, 
268 
bisulphate, 99 
bisulphite, 131 
carbonate, 266-268 
chlorate, 208 
chloride, 35, 67, 269 
cyanide, 82 
ethylate, 176 
hydroxide, 265 
hypochlorite, 209 
iodate, 215 
ion, 35 
nitrate, 268 
plumbite, 278 
silicate, 202 
stearate, 116 
sulphate, 99 
sulphide, 126 
sulphite, 131 
tetrathionate, 215 
thiosulphate, 126, 
215, 220, 268-269 
zincate, 112, 113 
Soft water, 116 
Sol, 222, 223 
Solids, 2 
Solubility, 219, 221,249 
curves, 219, 220 
product, 128 
Solute, 218 
Solutions, 218 
colloidal, 219, 
221-222 
saturated, 219 
supersaturated, 220 
Solvay process, 265 
Solvent, 218 
Soot, 155 
Specific heat, 230 
Spent oxide, 160 
Stability of salts, 89 
Stalactites, 119 
Stalagmites, 119 
Standard solutions, 249 
Stannic oxide (see 
Cassiterite, 
Tinstone), 82 


Starch, 167, 180 
States of matter, 2 
Steam, 2 
Steel, 107, 275 
ST.P., see N.T.P. 
Strong electrolytes, 57 
Structural formula, 165 
Sub-groups, 42 
Sublimation, 2 
Sublimed sulphur, see 
Flowers of sulphur 
Sucking back, 142 
Sucrose, 136 
Sugar, 180 
charcoal, 156 
Sugars, 180 
Sulphates, 136 
Sulphides, 128 
Sulphites, 132 
Sulphur, 123 
allotropy of, 123-124 
colloidal, 125 
uses of, 126 
Sulphur dioxide, 129, 
234 
Sulphur trioxide, 133 
Sulphuric acid, 133, 
134 
uses of, 136 
Sulphurous acid, 131 
Superphosphate, 136 
Supersaturation, 220 
Suspensions, 218 
Symbols, 31 
Synthesis, 103, 248 


Tailing of mercury, 122 
Tempering, 276 
Terylene, 168 
Thermal 
decomposition, 9 
dissociation, 9 
Thermite process, 272 
Thin layer 
chromatography, 
18 
Tin, 82, 263 
oxide, 82 


Tinstone, see 
Cassiterite, 82 
Tincture of iodine, 215 
Titrations, 229, 252 
Toluene, 175 
Town gas, 159 • 
Transition elements, 
44, 46 
Transition temperature 
(point), 123 
Transmutation, 29 
Trinitrotoluene 
‚ (T.N.T.), 153 
Triplumbic tetroxide, 
see Red lead 
Tritium, 27 
Tungsten steel, 276 
Turpentine, 207 
Tuyéres, 83, 84 
Tyndall effect, 222 
Type metal, 263 
Types of reaction, 7 
Typical elements, 42 


Ultramicroscope, 222 
Unsaturated, 165 
Upward delivery, 285 


Valency, 32 


electronic theory, 32 

variable, 32, 46 

anadium pentoxide, 
134 


Van der Waals’ forces, 
47 


Vapour density, 52 
Velocity (rate) 
constant, 242 
Victor Meyer’s 
method, 234 
Vinegar, 179 
Vinyl chloride, 174 
Vitamins, 183 
Volatile substances, 3 
Volcanoes, 188 
Voltameter, 59 
Volume strength, 
120 
Volumetric analysis, 
248 
Vulcanization, 126 


Waage (Guldberg and 
Waage), 241 
Washing soda, see 
Sodium 
carbonate 
(decahydrate) 
Water, 115 
deionization of, 117 
electrolysis of, 65 
filtration of, 10 
-gas, 115, 158 
-glass, 202 
gravimetric 
composition of, 
119 
hardness of, 116 
molecular formula 
of, 236 
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of crystallization, 
49, 249 
reaction with 
metals, 84-86 
sea-, 80, 269 
soda-, 187 
tests for, 95, 116 
-vapour pressure, 3 
volumetric 
composition of, 
236 
Weak electrolytes, 
57 
Welding, 107 
Wood, 158 
charcoal, 155 
Wrought iron, 275 


Xenon, 31 
compounds of, 32, 

34, 36 

X-rays, 27 


Yeast, 176, 187 


Zinc, 81, 263 
blende, 81, 274 
carbonate, 81 
chloride, 274 
oxides, 262 
sulphate, 81 
sulphide, 81, 129, 

274 
uses of, 263 
Zone rcfining, 19-20 
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